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Claims 20 to 27, and Claims 30 to 36 are pending. 
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I. Miscellaneous 
Objections To Claims 

The Examiner has objected to Claims 22, 24, and 26 alleging that they are "dependent upon a 
rejected base claim, but would be allowable if rewritten in independent form including all of the 
limitations of the base claim and any intervening claims". Applicants believe the Examiners 
objection of Claims 22, 24, and 26 has been overcome in consideration of the arguments presented 
infra. 

II. Rejections under 35 U .S.C. § 101 

a. The Examiner has rejected Claims 20, 21, 23, 25, 27 and 30 to 36 under 35 U.S.C. § 
101, for failure to demonstrate a credible, substantial, specific, or a well-established utility. More 
particularly, the Examiner alleges that "The specific and substantial utility established by the 
Rappold-Hoerbrand reference is a diagnosis use based on that the gene is responsible for disorders 
relating to ataxia as the chromosomal breakpoint of the patient having ataxia is found to reside 
within the genomic locus of said gene, which is demonstrated by restriction enzyme analysis of the 
ataxia cDNA, wherein a band shift was observed in the patient, but not in healthy controls (page 5, 
the third and fourth paragraphs). Therefore, the diagnosis use of the gene depends upon the specific 
pattern generated by restriction enzyme analysis. Such a specific pattern of a nucleic acid is 
determined by the unique sequence of the nucleic acid. A limitation of an isolated polynucleotide 
encoding a polypeptide" in the present claims (parts (a)-(c) of claim 20, for example) reads on the 
disclosed specific polynucleotide of SEQ ID NO:3, which encodes the polypeptide of SEQ ID NO:4, 
as well as polynucleotides with all possible degeneracy and encoding SEQ ID NO:4. The later would 
be highly likely to generate different patterns from that of the prior art when subjected to the 
restriction enzyme digestion, which would not reflect the association to said disorder. As such, those 
polynucleotides with the sequence degeneracy would not be suitable for the diagnosis use 
established by the prior art. Further, neither the prior art nor the present specification teaches 
specifically the use of those polynucleotides for the purpose of diagnosis or any other purpose. Thus, 
there was no immediately apparent or "real world" utility for those polynucleotides, and the claimed 
invention is incomplete as of the filing date. One may argue that the polynucleotides with the 
degenerate sequences can be used for the production of the polypeptide. However, as of the filing 
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date of the present application, no specific and substantial utility for the polypeptide was established 
or disclosed by the instant specification. Until a specific and substantial utility can be attributed to 
the HGRA4sv polypeptide, use of a nucleic acid for the production of the protein is not considered 
by the Patent Office to be a specific or substantial utility, as such use could be asserted for any 
cDNA." 

Applicants disagree and adamantly assert that the HGRA4sv polypeptide has a specific, 
substantial and credible utility, and that the utility of this polypeptide is the same as the utility 
established for the encoding HGRA4sv polynucleotide sequence as described in the specification as 
originally filed. As Applicants established in the February 19 th , 2004 Reply to the Office Action 
mailed on August 20, 2003, the HGRA4 polynucleotide has a patentable utility based upon the prior 
teachings of Rappold-Hoerbrand (International Publication No. WO 00/58461), which discloses a 
gene positively associated with ataxia and that encodes a protein that is 100% identical to the 
HGRA4 polypeptide. The gene encoding the HGRA4 protein was found to have a patentable utility 
based upon the determination that the genomic region for the HGRA4 gene, referred to as PAC 
clone 1055C14 by Rappold-Hoerbrand, covers a breakpoint between Xp22 and Xq22 from a ten year 
old boy suffering from slight mental retardation and severe cerebellar ataxia. As acknowledged by 
the Examiner, such knowledge can be used to diagnosis patients having such ataxias by comparing 
the FISH pattern of chromosome spreads of normal patients relative to ataxia patients at this locus. 

The Examiner alleges that "the diagnosis use of the gene depends upon the specific pattern 
generated by restriction enzyme analysis. Such a specific pattern of a nucleic acid is determined by 
the unique sequence of the nucleic acid. A limitation of 'an isolated polynucleotide encoding a 
polypeptide' in the present claims (parts (a)-(c) of claim 20, for example) reads on the disclosed 
specific polynucleotide of SEQ ID NO:3, which encodes the polypeptide of SEQ ID NO:4, as well 
as polynucleotides with all possible degeneracy and encoding SEQ ID NO:4. The later would be 
highly likely to generate different patterns from that of the prior are when subjected to the restriction 
enzyme digestion, which would not reflect the association to said disorder. As such, those 
polynucleotides with the sequence degeneracy would not be suitable for the diagnosis use 

established by the prior art." 

Applicants do not refute that changing the nucleotide sequence of a given polynucleotide 
sequence may alter one or more restriction enzyme sites which could affect the restriction digest 
banding pattern of such a polynucleotide. However, Applicants believe the Examiner has 
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misconstrued the fact pattern and believe the conclusions drawn are in error and not applicable to the 
instant invention. Specifically, Rappold-Hoerbrand do not teach that restriction sites are an essential 
element in the use of the HGRA4 gene in diagnosing ataxias. Rather, Rappold-Hoerbrand relied 
upon "FisH-analysis on metaphase spreads" (see third paragraph on page 5 of International 
Publication No. WO 00/58461) to identify the ataxia association of the HGRA4 gene. Applicants 
point out that FISH analysis does not require use of restriction endonucleases, nor does it rely upon 
the creation and identification of restriction bands (See Joos et al., J. Biotech., 35:135-153 (1994); 
submitted concurrently herewith). Rather, as the name implies, FISH (Florescence In Situ 
Hybridization) analysis relies upon hybridization of a labeled probe sequence to a target sequence 
and the subsequent imaging of the same. 

In the case of Rappold-Hoerbrand, "FISH studies using appropriate cosmids were carried out 
according to published methods (Lichter and Cremer, 1992). In short, one microgram of the 
respective cosmid clone was labeled with biotin and hybridized to human metaphase chromosomes 
under conditions that suppress signals from repetitive DNA sequences. . Detection of the 
hybridization signal was via FITC-conjugated avidin. Images of FITC were taken by using a cooled 
charge coupled device camera system" (see Example 2 on page 10 to 1 1 of International Publication 
No. WO 00/58461). The Examiner would appreciate that hybridization is very tolerant to nucleotide 
changes between any two sequences and is limited only according to the hybridization conditions 
used and the length of the probe sequence. Applicants point out that Rappold-Hoerbrand performed 
hybridization "under conditions that suppress signals from repetitive DNA sequences" and refer to 
Lichter and Cremer, 1992 for these conditions. Applicants note that Lichter and Cremer did not 
publish a joint manuscript during the cited year (e.g., 1992), but rather did publish several seminole 
papers on in situ hybridization of chromosomes in 1988 (copies of several of these papers are 
submitted concurrently herewith for the Examiners convenience). 

The conditions published by Lichter and Cremer in 1988 (Proc. Natl. Acad. Sci. USA, 
85:9664-9668 (1988); submitted concurrently herewith) were as follows: "...The hybridization 
cocktail also contained 50% formamide, 0.30M NaCL, 0.03 M sodium citrate (pH 7), 10% (wt/vol) 
dextran sulfate, and on occasion 0.5 mg of sonicated salmon sperm DNA per ml. Simultaneous 
denaturation of probe and target DNA was carried out at 75°C for 6 min (metaphase spreads) or 
94°C for 11 min (tissue slices). Hybridization reactions were incubated at 37°C 
overnight... Posthybridization washes, detection of hybridized probe using either alkaline 
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phosphatase-conjugated avidin or fluorescein isothiocyanonate-conjugated avidin, and photographic 
conditions were as described (14)." 

The referenced article 14 from the Lichter and Cremer 1988 paper (Proc. Natl. Acad. Sci. 
USA, 85:9664-9668 (1988); submitted concurrently herewith) refers to another Lichter and Cremer 
manuscript published in Human Genetics (Hum Genet., 80(3):224-34 (1988); submitted concurrently 
herewith) and describes posthybridization washes as being performed as follows: "After 
hybridization, the slides were washed in 50% formamide, 2xSSC (3x5 min, 42°C) followed by 
washes in O.lxSSC (3x5 min, 60°C)" (see the section entitled, "Detection" at bottom of p.225). 

According to guidance taught by Kadkol et al (see Mol. Diag., 4(3): 169-183 (1999); 
submitted concurrently herewith), one skilled in the art would appreciate that polynucleotides 
encoding the HGRA4sv polypeptide would be expected to hybridize to the genomic HGRA4 
sequence using the hybridization conditions utilized by Rappold-Hoerbrand and described by Lichter 
and Cremer. The latter is supported by the fact that the conditions utilized are best described as 
"moderate" in stringency on account of the relatively long length of the probe ("Biotinylated cosmid 
DNA (insert size 32 - 45 kb) or cosmid fragments (10-16 kb)" see Rappold-Hoerbrand, p.ll), the 
relatively low temperature of hybridization (37°C - see supra), the moderate level of formamide 
(50% - see supra), and the relatively high concentration of salt utilized for this hybridization (0.30M 
NaCL - see supra; see also Kadkol et al, page 174 - "Increasing salt concentration or decreasing 
temperature favors hybridization, whereas decreasing salt concentration or increasing temperature 
destabilizes the duplexes"). The length of the probe sequence used by Rappold-Hoerbrand is also 
important in appreciating why these conditions are "moderate" in stringency since the conditions 
utilized by Rappold-Hoerbrand and described by Lichter and Cremer were recommended for DNA 
probes "smaller than 500 nucleotides" (see section entitled, "Probe size" on page 225 of Lichter et 
al., Hum Genet., 80(3):224-34 (1988)), and specifically for probes "150-250 nucleotides" (see 
section entitled, "In Situ Hybridization" on page 9664 and 9665 of Lichter et al., Proc. Natl. Acad. 
Sci. USA, 85:9664-9668 (1988)), while the probe length actually utilized was at least 10 kb in length 
(see supra). Clearly such a long probe length would ensure hybridization between a polynucleotide 
encoding the HGRA4sv polypeptide and the genomic sequence of HGRA4 would still occur under 
these conditions despite subtle differences in matching nucleotides. According to Kadkol et al (see 
Mol. Diag., 4(3):169-183 (1999)), "The Tm of a double stranded DNA duplex decreases by 1°C to 
1.5°C with every 1% decrease in homology for duplexes longer than 100 bp". The length of the 
Rappold-Hoerbrand would have the effect of minimizing the percent decrease in homology between 
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the encoding HGRA4sv polynucleotide sequence and the corresponding HGRA4 genomic sequence. 
As a consequence, Applicants assert one skilled in the art would reasonably expect that a 
polynucleotide encoding a polypeptide of parts (a)-(c) of claim 20 would hybridize to the genomic 
locus of the HGRA4 gene and would be useful in diagnosing ataxia under these conditions. 

Moreover, Applicants also remind the Examiner that Rappold-Hoerbrand et al teach that the 
genomic region for the HGRA4 gene covers a breakpoint between Xp22 and Xq22, and that the 
results of the Rappold-Hoerbrand et al experiment "shows clearly that the breakpoint of the patient 
resides within the genomic locus of the ataxia gene" (see page 5, last sentence of third paragraph). 
Since the chromosome breakpoint resides within the HGRA4 genomic sequence, one skilled in the 
art would clearly appreciate that such a disruption in the HGRA4 genomic sequence would result in 
loss of the HGRA4 protein and that loss of the HGRA4 protein is causative to the incidence of 
ataxia. The basis for the latter constitutes a basic, fundamental tenet in molecular biology that 
teaches that a single gene is responsible for the production of a single protein (e.g., the so called 
"one gene : one enzyme hypothesis"). Thus, it follows that if a gene has been associated with the 
incidence of a disease or disorder, then the protein encoded by that gene is also directly implicated in 
the incidence of the same disease or disorder since the latter is derived from the former. 

Single protein loss / disease associations are common amongst the known ataxias (see 
Klockgether and Evert, TNS, 9:413-418 (1998); submitted concurrently herewith) and typically 
results in "loss of a protein that is essential for the function and survival of a specific population of 
neurons", in the case of autosomal recessive ataxias (see page 413), or due "to a novel deleterious 
function of the extended polyglutamine sequences within the proteins encoded by the respective 
genes" in the case of dominant ataxias (see page 413). In the case of the latter, the polyglutamine 
tract within these proteins appears to "catalyze aggregation of fragmented and full-length protein" 
(see page 416) "with nuclear proteins that are specifically expressed in the brain regions affected..." 
(see page 416) and results in loss of the functional protein. In consideration of the knowledge 
available to the skilled artisan regarding ataxia incidence as well as basic concepts in molecular 
genetics, Applicants assert that one skilled in the art would readily appreciate that the analysis of 
HGRA4 protein expression would also represent a useful tool for the diagnosis of cerebral ataxias 
since loss of HGRA4 protein expression would be diagnostic for the severe cerebellar ataxia 
described by Rappold-Hoerbrand. Clearly, such a utility is not limited solely to the ataxia gene 
itself. 



Applicants further point out to the Examiner that Rappold-Hoerbrand appreciated the link 
between the loss of HGRA4 protein expression to the incidence of ataxia by stating that the subject 
"of the present invention are further ataxia proteins which are expressed after transcription of the 
ataxia gene into RNA or mRNA and which can be used in the therapeutic treatment of disorders 
related to mutations in said genes. The invention further relates to appropriate cDNA sequences 
which can be used for the preparation of recombinant proteins suitable for the treatment of such 
disorders." (see page 6, second paragraph), in addition to stating another subject "of the invention 
are further plasmid vectors for the expression of the DNA of these genes and appropriate cells 
containing such DNAs. It is a further subject of the present invention to provide means and methods 
for the genetic treatment of such disorders in the area of molecular medicine using an expression 
plasmid prepared by incorporating the nucleic acid molecules of this invention downstream from an 
expression promoter which effects expression in a mammalian host cell" (see page 6, third 
paragraph). 

As a consequence, it is clear that both the polynucleotide sequence encoding the HGRA4 
polypeptide, as well as the HGRA4 polypeptide itself has a specific, credible, and well-established 
utility in diagnosing neural ataxias with each having a separately measurable, but related end-point. 
In the case of the polynucleotide, the method of diagnosis encompasses changes in chromosome 
hybridization patterns, while methods of diagnosis using the polypeptide encompasses measuring the 
loss of expression of the same. Further, since the "utility for the polypeptide" has been established, 
Applicants assert that polynucleotides encoding the polypeptides of parts (a)-(c) of claim 20, as well 
as polynucleotides with all possible degeneracy, have a specific, credible, and well-established 
utility. 

As Applicants pointed out in the February 19 th , 2004 Reply to the Office Action mailed on 
August 20, 2003, since the HGRA4 polynucleotide and polypeptide have a specific, substantial, and 
credible or well-established utility based upon the teachings of Rappold-Hoerbrand and the 
arguments presented herein and in prior correspondence before the Office, the HGRA4sv 
polynucleotide and polypeptide also has a specific, substantial, and credible or well-established 
utility since the splice variant and its encoding polynucleotides each derive from the same ataxia 
associated gene (e.g., HGRA4). Moreover, since disruption of the genomic sequence of the HGRA4 
gene is expected to result in loss of the HGRA4 polypeptide (see supra), one skilled in the art would 
also expect this gene disruption would result in loss of the HGRA4sv protein as well since the 
expression of the latter is also dependent upon an intact HGRA4 gene. Applicants believe the 
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Examiners rejection of Claims 20, 21, 23, 25, 27, and 30 to 36 have been overcome in consideration 
of the arguments presented herein and request that the Examiner withdrawal the remaining rejections 



Applicants believe that all of the Examiners rejections and objections have been overcome 
and that all of the pending claims before the Examiner are in condition for allowance. An early 
Office Action to that effect is, therefore, earnestly solicited. 

Applicants reply is timely filed and no extensions of time are required. 

If any fee is due in connection herewith not already accounted for, please charge such fee tc 
Deposit Account No. 19-3880 of the undersigned. Furthermore, if any extension of time not already 
accounted for is required, such extension is hereby petitioned for, and it is requested that any fee du< 
for said extension be charged to the above-stated Deposit Account. 



of the same. 
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Genes involved in hereditary ataxias 

Thomas Klockgether and Bernd Evert 

The hereditary ataxias are a group of inherited neurodegenerative disorders characterized by 
progressive ataxia that results from degeneration of the cerebellum and its afferent and efferent 
connections. Recent molecular research has led not only to the discovery of a number of causative 
mutations, but also shed light on the likely mechanisms by which these mutations cause the 
respective phenotypes. In Friedreich's ataxia (FRDA), the most common type of autosomal 
recessive ataxia, the loss of a mitochondrial protein, frataxin, results in overload of mitochondrial 
iron and oxidative stress. The autosomal dominant ataxias, spinocerebellar ataxia type I (SCAI), 
SCA2, SCA3 and SCA7, are caused by inheritance of an unstable, expanded CAG trinucleotide 
repeat.These disorders are assumed to be due to a novel deleterious function of the extended 
polyglutamine sequences within the proteins encoded by the respective genes. Recent observations 
in transgenic mice and in human post-mortem tissue suggest that the extended proteins are 
transported into the nucleus of neurons where they form intranuclear inclusions that disrupt 
normal nuclear function. In another group of dominant disorders, episodic ataxia type I and type 
2 (EA- 1 , EA-2) and SCA6, the mutations affect genes that code for ion channels. 

Trends Neurosci. (1998) 21, 413^18 



THE HEREDITARY ATAXIAS are a heterogeneous 
group of inherited neurodegenerative disorders 
characterized by progressive ataxia that results from 
degeneration of the cerebellum and its afferent and 
efferent connections 1 . Although hereditary ataxias have 
been known to clinicians for more than a century, in- 
vestigators in the field of ataxia remained largely igno- 
rant of the underlying pathogenic mechanisms until 
recently. The situation changed dramatically when the 
first gene mutations causing hereditary ataxia were iden- 
tified. At present, more than ten genes involved in hu- 
man hereditary ataxia have been discovered, and there 
has also been unexpectedly fast progress towards deci- 
phering the molecular and cellular mechanisms by 
which the mutations cause neuronal degeneration 
(Table 1). 

Hereditary ataxias are divided into autosomal domi- 
nant and autosomal recessive ataxias 18 . The recessive 
ataxias are caused by the loss of a protein that is essen- 
tial for the function and survival of a specific population 
of neurons. As a prototype of this group, Friedreich's 
ataxia (FRDA), which is the most common type of re- 
cessive ataxia, will be discussed in this article. Genetic 
heterogeneity of dominant ataxias has been established, 
with disease loci assigned to chromosome 6p (spino- 
cerebellar ataxia type 1, SCAI), 12q (SCA2), 14q (SCA3), 
16q (SCA4), llcen (SCA5), 19p (SCA6) and 3p (SCA7) 7 " 15 . 
Some families with dominant transmission of the dis- 
ease suffer from an episodic type of ataxia. To date, two 
genetic variants, episodic ataxia type 1 and type 2 (EA-1, 
EA-2), are known 1617 . For the dominant disorders, two 



different pathogenic mechanisms have been identified 
so far. Disorders of one group, including SCAI, SCA2, 
SCA3 and SCA7, are caused by inheritance of an un- 
stable, expanded CAG trinucleotide repeat. All available 
evidence suggests that these disorders are due to a novel 
deleterious function of the extended polyglutamine 
sequences within the proteins encoded by the respec- 
tive genes. In another group of dominant disorders, 
including EA-1, EA-2 and SCA6, the mutations affect 
genes that code for ion channels. These disorders add 
to the growing list of channelopathies among neuro- 
logical disorders. The causative mutations of SCA4 and 
SCA5 have not yet been identified. 

Friedreich's ataxia Jhomas 

Friedreich's ataxia usually starts around puberty, pre- Klockgether is at 

senting as progressive ataxia accompanied by areflexia, the Dept of 

posterior column signs, and dysarthria. In addition, non- Neurology, 

neurological symptoms such as hypertrophic cardio- University of 

myopathy and diabetes mellitus can be associated Bonn, Sigmund- 

with FRDA 19 . The first pathological changes affect the Freud-Str. 25, D- 

large sensory neurons of the dorsal root ganglia followed 531 05 Bonn, 

by degeneration of the spinocerebellar, posterior col- Germany, and 

umn and pyramidal tracts. Mild degeneration is also Bernd Evert is at 

observed in the cerebellum. the Dept of 

Ninety-four percent of FRDA patients are homozygous Neurology, 

for an expanded intronic GAA repeat in a novel gene, University of 

X2S, while the remaining 6% are compound hetero- Tubingen, Hoppe- 

zygotes with an expanded repeat on one allele and a Seyler-str. 3, D- 

point mutation on the other allele 2 . The number of re- 72076 Tubingen, 

peats ranges from 6 to 29 in normals and 120 to 1700 Germany. 
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TABLE I. Molecular genetics of hereditary ataxias 



Disease 



Chromosomal 
localization 



Mutation 



Gene product 



References 



Autosomal recessive 

Friedreich's ataxia (FRDA) 9q 

Ataxia telangiectasia (AT) Mq 

Abetalipoproteinemia 4q 

Ataxia with isolated vitamin-E 8q 
deficiency 

Cerebrotendinous 2q 
xanthomatous 

Autosomal dominant 

SCAI 6p 

SCA2 i2q 

SCA3 I4q 

SCA4 I6q 

SCA5 I Icen 

SCA6 I9p 

SCA7 3p 

EA-I I2P 

EA-2 19p 



GAA repeat 


Frataxin 


2 


Deletion, insertion 


Phosphatidylinositol-3' kinase 


3 


Missense mutation 


Microsomal triglyceride transfer 


4 




protein 




Deletion 


a-Tocopherol transfer protein 


5 


Missense mutation 


Sterol 27-hydroxylase 


6 



CAG repeat 
CAG repeat 
CAG repeat 

7 

} 

CAG repeat 
CAG repeat 
Missense mutation 
Deletion, splice mutation 



Ataxin-I 
Ataxin-2 
Ataxin-3 
? 

7 

CACNAIA(Ca 2+ channel) 
Ataxin-7 

KCNAI (K* channel) 
CACNAIA(Ca 2+ channel) 



7 

8-10 

II 

12 

13 

14 

15 

16 

17 



in patients 219 " 22 . X25 encodes a protein of 210 amino 
acids, frataxin, with an expression pattern that corre- 
lates in part with the sites of pathology of the disease 2 . 
Analysis of frataxin mRNA and protein in humans in- 
dicates that expression of the frataxin gene is markedly 
reduced in FRDA (Refs 2,23). The GAA expansion might 
affect mRNA stability, splicing efficiency or transcrip- 
tional or translational processes, or both, leading to an 
insufficient production of the protein. Some residual 
expression remains, depending on the length of the 
shorter allele. Larger alleles are associated with lower 
residual levels of frataxin, earlier onset of disease and 
a more severe phenotype 19 ' 20 ' 23 . 

A first hint as to the cellular localization of frataxin 
came from phylogenetic studies showing that the yeast 
homolog of frataxin contains a mitochondrial-targeting 
sequence 24 25 . Subsequent studies in human cells using 
epitope tagging and colocalization with mitochondrial 
markers confirmed the mitochondrial localization of 
frataxin 23 24 ' 26 ' 27 . Disruption of the frataxin homolog in 
yeast results in clones that fail to grow on nonferment- 
able sources of carbon, such as glycerol, and exhibit a 
phenotype typical of rho~ mutants defective in mito- 
chondrial DNA (Refs 24,28). Indeed, mutant strains 
are respiration deficient owing to loss of mitochondrial 
DNA (Ref. 28). In addition, they are more sensitive to 
oxidative stress induced by administration of hydrogen 
peroxide and iron 29 . The mitochondrial defect in 
frataxin-deficient yeast strains is most probably due to 
overload of mitochondrial iron. In mutant strains 
mitochondrial iron content is 10 to 15 times higher 
than in wild-type strains 2729 . Iron is an essential com- 
ponent of iron-sulfur clusters in the active sites of 
enzymes of the mitochondrial respiratory chain. On the 
other hand, increased iron concentrations might dam- 
age mitochondrial DNA and impair mitochondrial 
function by catalyzing the formation of highly toxic 
hydroxyl radicals (OH*) from hydrogen peroxide that is 
produced as a normal byproduct of various enzymatic 
reactions in the brain. This reaction is known as the 
Fenton reaction. 



If one assumes that the function of human frataxin 
resembles that of its yeast homolog, FRDA can be char- 
acterized as a mitochondrial disease caused by a mu- 
tation of the nuclear genome. The hypothesis that FRDA 
is due to mitochondrial dysfunction and oxidative stress 
is supported by a number of early biochemical find- 
ings showing mildly reduced levels of various respira- 
tory chain enzymes in white blood cells, fibroblasts 
and post-mortem tissues of FRDA patients 30 . Whereas 
these studies were performed on nonaffected tissues, a 
recent study measured the activity of mitochondrial 
enzymes in heart biopsies. This study revealed a selec- 
tive reduction of the activity of complex I, II and III of 
the mitochondrial respiratory chain 31 . The common 
link between these enzymes is the presence of 
iron-sulfur clusters. A potential role of oxidative stress 
in the pathogenesis of FRDA is further suggested by 
the striking similarity of FRDA to inherited or acquired 
diseases due to deficiency of the antioxidant defense 
molecule, vitamin E (Ref. 32). 

Despite the enormous progress that has been made in 
deciphering the molecular cause of FRDA, many ques- 
tions remain unresolved. Although the distribution of 
sites of frataxin expression partly matches the sites of 
pathology there are some major discrepancies. 
Frataxin is prominently expressed in a number of non- 
neuronal tissues, such as liver, muscle, thymus and 
brown fat, that are not affected in FRDA. While the re- 
sistance of some of these tissues to the loss of frataxin 
might lie in their dividing nature it is unclear why 
skeletal muscle and cerebellar granule cells, which also 
significantly express frataxin, do not undergo degen- 
eration in FRDA. On the other hand, neuronal popu- 
lations, such as the corticospinal and spinocerebellar 
neurons, that are affected in FRDA express frataxin 
only at a very low level 24 . To account for these dis- 
crepancies one has to postulate that the sensitivity of 
different tissues to frataxin deficiency varies consider- 
ably. Although the studies on yeast mutants demon- 
strate the importance of frataxin for intracellular iron 
homeostasis its exact physiological role remains to be 
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established. Another unresolved question concerns 
the precise mechanism by which the expansion of the 
intronic GAA repeats causes reduced mRNA levels. 

A number of research groups are currently attempting 
to create mice with a targeted disruption of the X2S 
gene. These animals will be of inestimable value in the 
study of the pathogenesis of FRDA and will help in 
resolution of the questions outlined above. In addition, 
studies on these animals will help to answer the ques- 
tion whether neuronal cell death due to frataxin defi- 
ciency is an early event of the disease process or 
whether cell death occurs late and simply serves to 
eliminate neurons that have lost their normal function. 
These animal models will also serve to develop and test 
rational therapeutic strategies for FRDA. Gene thera- 
peutic approaches that aim at replacing the defective 
gene in affected tissues are envisaged but will have to 
deal with a number of technical difficulties concern- 
ing choice of an appropriate vector system, effective 
delivery of the transgene and stability of expression. It 
will be comparatively easy to test whether pharmaco- 
logical interventions, such as iron chelation, anti- 
oxidative treatment, replacement of mitochondrial 
enzymes or application of antiapoptotic agents, are 
effective. 

CAG repeat disorders 

The common clinical features of SCA mutations are 
progressive ataxia, onset in midlife with large variation 
and autosomal dominant inheritance. Neuropatho- 
logically, they are characterized by loss of cerebellar 
Purkinje cells. However, the pathological changes often 
go beyond the cerebellum and can also affect the spinal 
cord, brainstem, basal ganglia, retina and peripheral 
nervous system. 

Molecular genetic studies have identified five dis- 
orders, SCA1, SCA2, SCA3, SCA6 and SCA 7, that are 
caused by inheritance of expansion of CAG trinucleotide 
repeats, coding for an extended polyglutamine se- 
quence 7-111415 . Larger repeats are associated with earlier 
onset of disease, more rapid progression, a more severe 
phenotype, and more extended neuropathology 7 ' 33 " 35 . 

In SCA1, SCA2, SCA3 and SCA7, the mutation re- 
sembles the previously characterized mutation in 
Huntington's disease (HD) in that it affects a gene en- 
coding a protein of unknown function with ubiquitous 
expression. In these disorders, the repeat size ranges 
from 6 to 34 in normal and 35 to 135 in expanded 
alleles (Fig. 1). The expanded repeats are subject to 
changes in length during intergenerational transmission, 
resulting in anticipation, that is, earlier onset of disease 
in subsequent generations 36 . Anticipation is a highly 
characteristic feature of CAG repeat disorders. Obser- 
vation of this phenomenon in families with an inherited 
neuropsychiatric disease will therefore arouse the sus- 
picion that expansion of a CAG repeat is the underlying 
mutation. 

The SCA6 mutation is different in a number of as- 
pects. First, the mutation affects a gene with known 
function, the human a 1A voltage-dependent Ca 2+ chan- 
nel subunit, CACNA1A, which is expressed in a region- 
specific way with strongest expression in cerebellar 
Purkinje cells 38 . Second, the repeats in the CACNA1A 
gene are much shorter, with normal alleles ranging 
from 4 to 17 and expanded ones from 21 to 30 (Refs 
14,39-44). Expanded SCA6 alleles thus fall within the 
same size range as normal alleles of the other SCA mu- 




Fig. 1. Expansion of the CAG repeat in SCAT. The coding region of the 
SCA1 gene is indicated by a box; the 5 ' and. 3 ' untranslated regions are 
shown as lines. The CAG repeat expansion is represented by the 
hatched area within the box. While the repeat length in normals varies 
between 6 and 39 trinucleotides, SCA1 patients have one allele with a 
range of 41 to 81 repeat units. The mutated SCA1 genes contain un- 
interrupted CAG stretches. In contrast, normal alleles have a midstream 
CAT interruption 36 . The length of the repeat and the presence or 
absence of the interruption appear to be crucial for the stability of the 
trinucleotide repeats. Repeats in the normal size range containing a 
CAT interruption are stable in parent-to-offspring transmission. Ex- 
panded uninterrupted repeats occurring in SCA1 patients are unstable 
with a tendency to further expansion during meiosis, in particular during 
spermatogenesis. This mechanism leads to larger expansion in offspring 
of affected males. There is also mitotic instability of the expanded re- 
peats, leading to varying repeat lengths in different body tissues. A poss- 
ible explanation for these findings is that frequent cell divisions lead to 
greater heterogeneity and larger expansions. This applies for spermatozoa, 
which undergo a greater number of cell divisions than oogonia 37 . 

tations. Third, intergenerational instability has been 
observed in SCA6 only in rare instances 44 . 

Most researchers assume that the pathogenic mecha- 
nism causing neurodegeneration as a result of the SCA 
mutations involves a novel deleterious function of the 
proteins harboring the extended polyglutamine tract 
(gain of function) rather than a loss of function of the 
respective proteins. At present, the evidence for this 
assumption is only indirect because it is derived from 
observations in two other CAG repeat disorders, HD 
and spinobulbar muscular atrophy (SBMA). Individ- 
uals with a deletion of the HD or androgen-receptor 
gene - the latter gene carries a CAG repeat expansion 
in SBMA patients - do not develop HD- or SBMA-like 
symptoms 45,46 . Similarly, targeted disruption of the HD 
gene in mice does not result in neurodegeneration 47 . 

Recent research in transgenic mouse models and 
post-mortem human brains suggests that formation of 
intranuclear inclusions in affected tissues might be the 
common pathogenic mechanism in CAG repeat disor- 
ders. Studies in transgenic mice that overexpress a 
mutant human SCA1 gene showed that ataxin-1, the 
protein encoded by the SCA1 gene, localized to a single 
nuclear stucture of 2 p-m in size, while normal ataxin-1 
was found throughout the nucleus in smaller structures 
of 0.5 M-m in size. The nuclear inclusions appear weeks 
before the onset of ataxia and Purkinje cell loss. In brain 
tissue from SCA1 patients, similar nuclear inclusions 
were detected in brain regions affected by the disease, 
but not in other parts of the brain. In nonneuronal cells 
transfected with the SCA1 gene, ataxin-1 is associated 
with the nuclear matrix and causes a specific redistri- 
bution of promyelocytic leukemia protein XPML), 
another nuclear matrix-associated protein 48 . Nuclear 
inclusions were also demonstrated in brain tissue from 
HD and SCA3 patients and in transgenic mice ex- 
pressing a fragment of the HD gene containing an 
expanded CAG repeat 49 ' 50 . 
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Fig. 2. Hypothetical pathogenic mechanism of SCAB. Expression of ataxin-3 with an expanded polyglutamine tract 
confers a conformational change or misfolding of the nascent polypeptide induced by formation of a stable hairpin (?) 
with fi-sheet structure (red zigzag line) that presents a target for immediate degradation (1). The abnormal protein is 
recognized by the proteolytic machinery and degradation is initiated by the ubiquitin-dependent pathway covalently 
attaching ubiquitin molecules (blue circles) to the N-terminus, consistent with the finding that expanded ataxin-3 is 
found in ubiquitinated aggregates (2). The mutant protein marked with the branched chain of ubiquitins is cleaved by 
a protease that cuts the target protein into a series of small fragments. The formation of a polyglutamine-containing 
proteolytic fragment of the disease protein enables abnormal protein-protein interactions that, in turn, cause the 
translocation to the nucleus (3). The polyglutamine fragment might interact with unknown nuclear proteins contain- 
ing specific binding motifs for a small portion of degraded ataxin-3 (A) or form polar zippers with other complemen- 
tary polyglutamine-containing domains of nuclear proteins (B). Dimerization also favors a catalytic mechanism so that 
normal ataxin-3 (C), which by itself does not form nuclear aggregates, is recruited into insoluble complexes through a 
direct interaction between the polyglutamine domains (4). The formation of insoluble filamentous aggregates might be 
promoted by transglutaminase-mediated crosslinking generating the nuclear inclusions that disrupt the structural 
integrity of the nucleus and consequently cause cell death (5). 



actions of the mutated SCA gene 
products with nuclear proteins that 
are specifically expressed in the 
brain regions affected by the 
respective diseases. In a yeast two- 
hybrid system, leucine-rich acidic 
nuclear protein (LANP), a protein 
that is expressed predominantly in 
cerebellar Purkinje cells, was shown 
to interact with ataxin-1. LANP con- 
tains five leucine-rich repeats, an 
amphipathic motif known to me- 
diate protein-protein interactions. 
The strongest interaction occurred 
with ataxin-1 containing an ex- 
tended polyglutamine tract. The 
interaction of ataxin-1 with LANP 
might not only explain the region- 
specific neurodegeneration in 
SCA1, but might also offer clues to 
the intracellular mechanisms lead- 
ing to cell dysfunction and finally 
death. In nonneuronal cells over- 
expressing ataxin-1, LANP is re- 
cruited to the intranuclear in- 
clusions. Sequestration to the 
inclusions might interfere with the 
physiological function of LANP, 
which still remains undefined 52 . 

Investigation of the pathogenic 
effects of nuclear inclusions is one 
of the most urgent tasks of future 
studies in CAG repeat disorders. In 
particular, careful immunocyto- 
chemical studies in human post- 
mortem tissue are required to clar- 
ify the precise composition of the 
inclusions in the various CAG 
repeat disorders. If these studies 
confirm that the inclusions contain 
truncated ataxins, it will be impor- 
tant to investigate the mechanisms 



At present, it remains unclear which components of 
the SCA gene products are present within the nuclear 
inclusions. Forced expression of expanded full-length 
ataxin-3, the protein encoded by the SCA3 gene, in 
nonneuronal cells does not lead to a redistribution of the 
protein, while expression of truncated ataxin-3 contain- 
ing an extended polyglutamine tract with short flanking 
sequences localizes to intranuclear and perinuclear bod- 
ies similar to the inclusions seen in autopsy material. 
Truncated ataxin-3 with an expanded repeat, but not 
full-length ataxin-3, forms insoluble high-molecular 
weight complexes. However, when truncated and full- 
length ataxin-3 are coexpressed, full-length ataxin-3 is 
recruited into the insoluble complexes, suggesting that 
the polyglutamine fragment serves to catalyze aggre- 
gation of fragmented and full-length protein (Fig. 2) 49 . 
The possibility that the formation of polyglutamine- 
containing protein fragments is of crucial importance 
for the pathogenesis of CAG repeat disorders is also sug- 
gested by the observation that expression of poiyglut- 
amine<ontaining fragments of ataxin-3 but not of full- 
length expanded ataxin-3 induces apoptotic cell death 51 . 

The region-specific neurodegeneration resulting from 
SCA mutations is likely to be determined by inter- 



by which the ataxins are proteo- 
lytically cleaved. Targeted disruption of genes encod- 
ing proteins that potentially interact with ataxins will 
be helpful in elucidating the function of these proteins 
and in studying the transport of ataxins to the cell 
nucleus. Although it is generally assumed that the CAG 
repeat disorders are due to a gain of function, one cannot 
exclude the possibility that partial loss of their physio- 
logical function contributes to the pathogenesis of these 
disorders. It is conceivable that ataxins might exert a 
protective action on cerebellar neurons. Future research 
should therefore attempt to define the physiological 
role of normal SCA genes (Box 1). 

Channelopathies 

To date, two different ion channel genes are known 
to be associated with dominantly inherited human 
cerebellar disease. Missense mutations in a brain K + 
channel gene, KCNA1, result in EA-1 (Ref. 16). EA-1 is 
characterized by brief attacks of ataxia and dysarthria 
with onset in early childhood. The attacks, which are 
often provoked by movements and startle, last for sec- 
onds to minutes and can occur several times per day. 
The affected children do not develop persistent ataxia 
or cerebellar atrophy 53 . Expression studies in Xenopus 
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Box I. SCA genes and normal function of the cerebellum 



Although the SCA mutations cause degeneration of the 
cerebellum, all of the available evidence suggests that the 
physiological function of SCA genes is not related directly 
to the cerebellum. With the exception of the CACNA1A 
gene, which carries the SCA6 mutation, the SCA gene 
products are expressed ubiquitously with no preference 
for the CNS or the cerebellum. Unfortunately, our present 
knowledge of the normal regulation of gene expression 
and the physiological function of the SCA genes is lim- 
ited. Understandably, the efforts of many researchers are 
directed towards the elucidation of the pathogenetic 
mechanisms of the mutations affecting the SCA genes, 
rather than clarifying their nomal function. 

There is a transient burst of SCA1 expression at P14 in 
the murine cerebellum. This coincides with the period 
when the murine cerebellar cortex bocomes active func- 
tionally. This finding suggests a specific role of SCA1 in 
cerebellar development. However, the observed regulation 
of 5C4J gene expression is not specific for the cerebellum 
since there is a similar increase of gene expression in the 
intervertebral discs of the spinal column. In addition, 
mice lacking ataxin-1 do not show cerebellar deficits. 



Instead, these mice have learning deficiencies and decreased 
hippocampal paired-pulse facilitation, suggesting a role of 
SCA1 in hippocampal functions. 

Purkinje cells strongly express the pore-forming a 1A 
voltage-dependent calcium-channel subunit encoded by 
the CACNA1A gene. Mutatins of this gene might cause pro- 
gressive (SCA6) or episodic ataxia (EA-2). It is not quite clear 
whether the a 1A subunit mediates P- or Q-type currents. 
Therefore, the terminology P/Q-type currents is often used. 
In Purkinje cells the majority of voltage-gated calcium 
flux is mediated by P-type channels that play an essential 
part in the specific electrophysiological characteristics of 
Purkinje cells, in particular their ability to generate com- 
plex spikes. Systematic administration of specific blockers 
of P-type calcium channel antagonists has been shown to 
reduce the spontaneous activity of cerebellar Purkinje cells. 
Altered channel characteristics resulting from mutations 
of the CACNA1A gene are therefore expected to disturb 
profoundly the normal function of cerebellar Purkinje 
cells. In addition, a long-lasting increase of calcium influx 
into Purkinje cells might lead to persistent changes of 
intracellular signalling and, finally, to cell death. 



oocytes suggest that the mutation 
impairs the capacity of affected neur- 
ons to repolarize effectively follow- 
ing an action potential 54 . 

The other ion channel gene in- 
volved in cerebellar disease is 
CACNA1A, encoding the a 1A voltage- 
dependent Ca 2+ channel subunit. 
A range of phenotypes is associated 
with mutations of CACNA1A. Four 
different missense mutations af- 
fecting conserved "functional do- 
mains within the membrane- 
spanning and pore-forming regions 
have been found in familial hemi- 
plegic migraine (FHM) (Ref. 17). 
Some FHM families develop cerebel- 
lar atrophy and suffer from mild 
interictal ataxia. Another missense 
mutation affecting the pore-form- 
ing region resulting in distortion of 
the central pore was described in a 
family with rapidly progressive 
severe ataxia 55 . Mutations causing 
truncation of the a 1A Ca 2+ channel 
subunit have been found in families 
with EA-2 (Ref. 17). Compared with 
EA-1, attacks in EA-2 start later, last 
longer and are precipitated by emo- 
tional stress and exercise but not by 
startle. Some individuals, who might 
or might not suffer from episodic 
ataxia, have slowly progressive ataxia 
and cerebellar atrophy 56 . Finally, 
moderate expansion of a CAG re- 
peat in the aberrantly translated 3' 
noncoding region of the CACNA1A 
gene causes SCA6 (Fig. 3) 14 . In con- 
trast to most other SCA mutations, 
the clinical and neuropathological 
manifestations in SCA6 almost 
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Missense mutations in FHM and progressive ataxia 
Deletion and splice mutations in EA-2 
CAG repeat expansion in SCA6 



Fig. 3. Schematic representation of the CACNA1 A gene. The CACNA1 A gene encodes the the a 1A voltage-dependent 
Ca 2+ channel subunit Brain voltage-sensitive Ca 2 * channels are multimeric complexes composed of one member of the 
a r subunit family that forms the ion channel and additional subunits, a/8 and p, which have regulatory roles. The dif- 
ferent genes encoding the a r subunit family are designated A, B, C, D, E and S. The Co 2 * channels containing the a }A 
subunit are thought to mediate P- and Q-type currents. The a iA subunit is expressed throughout the brain with highest 
expression in cerebellar Purkinje cells. The a JA subunit has four repeated domains, l-IV, each of which contains six mem- 
brane-spanning segments, 7-6. The pore, P, is formed by the segments of domains l-IV, which lie between the mem- 
brane-spanning segments 5 and 6. There are various splice variants of the a 1A subunit. In those splice variants that 
extend the coding region by 239 amino acids, the CAG repeat in the 3 ' end of the gene is translated. Missense mutations 
(yellow dots) are associated with familial hemiplegic migraine (FHM) and progressive ataxia. Deletions and splice 
mutations (red squares) are assumed to produce nonfunctional subunits. These mutations cause episodic ataxia type 2 
(EA-2) and progressive ataxia. The spinocerebellar ataxia type 6 mutation (SCA6, blue ellipse) is an expanded CAG 
repeat in the 3' end of the gene that, if translated, encodes an extended polyglutamine in the intracellular C-terminal 
portion of the protein. The SCA6 mutation causes an almost pure cerebellar form of progressive ataxia. Some families 
also have episodic features. 
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Outstanding questions 



•How does the intronic GAA repeat expansion in the X2S gene cause 
reduced expression of frataxin? 

•What is the physiological role of frataxin in human tissues? 
•What are the consequences of frataxin deficiency for mitochondrial 
respiration? 

•What are the physiological functions of the various ataxins? 
•Do the ataxins interact with other cellular proteins and are these interactions 
essential for the pathogenesis of the disorders? 

•Do the intranuclear inclusions found in the brains of SCA patients represent 
an essential pathogenetic mechanism or are they an epiphenomenon of 
another unknown process? 

•What are the mechanisms of protein aggregation of mutated ataxins and 
how might aggregation be prevented? 

•How do the different mutations of the CACNA1A gene affect the physio- 
logical function of neuronal calcium channels? 

•Does the pathogenesis of SCA6 resemble that of other CAG-repeat disorders 
or is it related to an altered function of normal calcium channels? 



selectively affect the cerebellum 42 . Some SCA6 patients 
also experience episodic ataxia 57,58 . 

The episodic features of the disorders due to mutations 
of the CACNA1A gene are most likely due to haplo- 
insufficiency. Formation of truncated proteins in EA-2 
is supposed to lead to a reduced number of functional 
Ca 2+ channels, resulting in intermittent dysfunction of 
central neurons. Purkinje cells appear to depend very 
heavily on normal function of Ca 2+ channels formed by 
the a 1A voltage-dependent Ca 2+ channel subunit, ex- 
plaining why the respective mutations often cause inter- 
mittent ataxia 38 . The expanded polyglutamine stretch 
in CACNA1A isoforms in SCA6 might induce an altered 
protein structure and result in formation of a reduced 
number of functional channels und thus lead to epi- 
sodic ataxia. The observation that all known types of 
mutations affecting the CACNA1A gene can lead to 
cerebellar atrophy and persistent ataxia suggests that 
cerebellar degeneration is due to dysfunction of Ca 2+ 
channels probably resulting in excess entry of Ca 2+ into 
neurons. Alternatively, neurodegeneration in SCA6 
might be caused by mechanisms similar to those in 
other CAG repeat disorders. An argument in favor of 
this hypothesis is that SCA6 shares the inverse relation^ 
ship of repeat size and age of onset with other CAG 
repeat disorders 14 . The fact that the extended polyglut- 
amine tract in SCA6 patients is in the same size range 
as normal polyglutamine tracts encoded by other SCA 
genes does not exclude a gain-of-function mechanism 
since the toxicity of the polyglutamine might not only 
depend on the repeat length but also on the protein 
context. Future studies in transgenic mice expressing 



mutant alleles of the CACNA1A gene will enable the 
resolution of the mechanism of pathogenesis of SCA6, 
FHM and EA-2. 
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More on the cerebellum... 

If you enjoyed reading this part of the exciting story of current research on the functions of the cerebellum, 
make sure that you do not miss the articles that are published in Trends in Cognitive Sciences. Together, these 
issues of the two journals will make an invaluable collection of indispensable articles. 

Ensure that you don't miss out - subscribe today! 
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Abstract 

Fluorescence in situ hybridization (FISH) is a method widely used for the delineation of chromosomal DNA. 
FISH is applied in many areas of basic research as well as in clinical cytogenetics. In this review important technical 
improvements as well as the various applications of this method are summarized. In the first part different labeling 
and detection procedures are described and the potential of various kinds of probes are discussed. Recent 
developments in optical instrumentation and digital imaging procedures are outlined in the second part. The 
following important applications of FISH are discussed: (a) new strategies for high resolution mapping of DNA 
sequences'; (b) detection of chromosomal aberrations in clinical material; (c) techniques allowing the simultaneous 
detection of numerous probes by multiple color FISH; and (d) the new approach of comparative genomic 
hybridization, allowing a rapid and comprehensive analysis of chromosomal imbalances in cell populations, which is 
particularly useful for the cytogenetic analysis of tumor samples. 

Key words: Fluorescence in situ hybridization; Digital image microscopy; Multicolor FISH; Chromosomal mapping; 
Interphase cytogenetics; Comparative genomic hybridization 



1. Introduction 

In 1969, Gall and Pardue described the hy- 
bridization of radioactively labeled rRNA to tis- 
sue squashes allowing the in situ visualization of 
the complementary sequences, the rDNA, within 
cells (Gall and Pardue, 1969). Since then, in situ 
hybridization has been further developed and 
widely used for the detection of DNA or RNA 
sequences. For about two decades, delineation of 
specific chromosomal sequences was performed 
using radioactively labeled probes. However, since 
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the development of procedures for non-isotopic 
labeling of nucleic acids in the early 1980s, non- 
radioactive in situ hybridization has become in- 
creasingly popular. The reasons accounting for 
this development, such as increase in speed, sen- 
sitivity, signal resolution and long-term storage of 
labeled probe, has been reviewed multifold (see, 
e.g., Raap et aL, 1990; Lichter and Ward, 1990c; 
Lichter et aL, 1991; McNeil et aL, 1991; Trask, 
1991). In this article we focus on the potential of 
fluorescence in situ hybridization, also referred to 
as FISH, which has become of particular impor- 
tance for the simultaneous visualization of multi- 
ple target sequences. New developments in probe 
generation and labeling, in the detection of hy- 
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bridized probes, as well as in instrumentation and 
digital imaging microscopy are described. The 
further development of FISH resulted in new 
approaches for chromosome analysis. In this pa- 
per we review the recent advancements in gene 
mapping as well as in the diagnosis of chromoso- 
mal changes. Special emphasis is given to a new 
approach called comparative genomic hybridiza- 
tion, which allows a comprehensive analysis of 
chromosomal imbalances. 



2. Fluorescence in situ hybridization to chromo- 
somal DNA 

In situ hybridization represents a cytochemical 
technique which allows the specific detection of 
single nucleic acid sequences in morphologically 
preserved biological specimens. In principle this 
detection is based on the specific base pairing of 
two complementary nucleic acid sequences, the 
probe and the target sequences. Hybridized 
probes are detected via fluorochromes using epi- 
fluorescence microscopy, via colorimetric enzyme 
assays by transmission light microscopy, or via 
metallic compounds in the electron microscope. 
Note that some enzyme-mediated colored precip- 
itates can be modified by metallic reagents to 
suite for analysis in the electron microscope. 

DNA probes for FISH can be labeled directly, 
i.e., conjugated with fluorochromes, or indirectly 
by modifications introducing reporter groups (e.g., 
biotin) in the probe molecules. In the latter case 
detection of the probe is achieved via reporter- 
binding molecules (e.g., avidin) conjugated with 
fluorochromes, enzymes or with metallic com- 
pounds. The probe labeling systems currently 
available are summarized in recently published 
review articles (Raap et al., 1990; Lichter et al., 
1991). Colorimetric assays may be preferred for 
routine diagnosis since storage for long periods of 
time is possible. However, FISH is the method of 
choice for many applications, since it allows to 
simultaneously visualize several target regions us- 
ing spectrally distinct fluorochromes (see Table 
1). It seems important to note that detection of 
directly labeled nucleic acid probes is in general 
faster and results in lower background, since the 



Table 1 



List of fluorochromes used as conjugates for probe detection 
or as chromosomal counterstain * 



Color 


Conjugate 


Counterstain 


Blue 


AMCA 


DAPI 






Hoechst 33258 


Green 


FITC 


Quinacrine 




Bidopy 




Red 


Rhodamines 


Propidium iodide 




Texas Red 






Cy3 




Far red 


Cy5 




Infra red 


Cy7 





* Note, that a chromosomal counterstain should be selected 
in a different color than the fluorochromes used for probe 
detection. 



incubation of reporter-binding molecules is omit- 
ted. However, indirect labeling may yield in higher 
detection sensitivities, since more fluorochromes 
are bound to the probe. A wide variety of modi- 
fied nucleotides for the direct and indirect label- 
ing of nucleic acids are commercially available 
(see also Wiegant et al., 1991). Amplification of 
fluorescent signals can be performed using anti- 
bodies which are directed against the reporter- 
binding molecules (e.g., against avidin; Pinkel et 
al., 1986) or the fluorochromes themselves. 

Fluorochromes suitable for the detection of 
hybridized probes should meet several require- 
ments including: (a) they should yield high quan- 
tum efficiency; (b) it should be possible to conju- 
gate them covalently to reporter binding 
molecules such as avidin or antibodies; (c) they 
should be small enough to allow penetration into 
cellular preparations; and (d) they should be sta- 
ble in order to allow evaluation for longer time 
periods and quantitative measurements, etc. Re- 
cently, new classes of fluorochromes, such as cya- 
nines Cy3, Cy5, etc., became commercially avail- 
able. Since these are more stable than many of 
the commonly used dyes, they are likely to be- 
come important reagents for FISH. 

In many kinds of specimen, autofluorescence 
interferes with detection of fluorescent signals. In 
order to circumvent this problem, fluorochromes 
are needed which can be differentiated from the 
autofluorescent dyes. Autofluorescence generally 
occurs at shorter wavelengths of the visible light. 
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In these cases differentiation can be achieved by 
the use of dyes emitting at longer wavelengths. 
Therefore, the development of the new cyanine 
dyes emitting in the far red (Cy5) or infrared 
(Cy7) range provide new tools, which are of ad- 
vantage when using certain autofluorescent speci- 
mens. However, it should be noted that the opti- 
cal detection system must be sensitive for infra- 
red light (i.e., CCD cameras, see below). 

Since autofluorescence often occurs in spectral 
ranges overlapping with the emission of com- 
monly used fluorochromes, current activities in 
the development of new fluorochromes focus on 
the differentiation by time-resolved detection 
(Berverloo et al., 1990, 1992; Marriott et al., 1991; 
Seveus et al, 1992). This is achieved by the mea- 
surement of the fluorescence at certain times 
after pulsed excitation. Conventional fluo- 
rochromes and most substances contributing to 
autofluorescence emit for a time period which is 
in the range of nanoseconds. Thus, this fluores- 
cence can be measured a few nanoseconds after 
excitation. Delayed fluorescent dyes show pro- 
longed emission and thus can be distinguished by 
detecting, e.g., micro- or milliseconds after the 
pulsed excitation. The instrumentation for such 
an approach has already been developed. How- 
ever, suitable fluorochromes exhibiting delayed 
luminescence are still an area of active research, 
since they must also meet the requirements listed 
above, i.e., for example they should be small 
enough for penetration, and it should be possible 
to bind them specifically to a probe. 



3. Probes for FISH 

A number of different types of probes for 
fluorescence in situ hybridization can be distin- 
guished on the basis of the complexities of probe 
or target sequences: the alphoid and satellite 
probes detecting repeated targets; individual 
probes such as plasmid-, phage-, cosmid- or 
YAC-clones detecting single copy sequences of 
one locus; or composite probes allowing a specific 
painting (termed by Pinkel et al., 1988) of individ- 
ual chromosomes or chromosomal regions. 

Complex probes frequently contain inter- 



spersed repetitive sequences (IRS) like the long 
or short interspersed elements (LINEs and 
SINEs, respectively). Because these sequences 
would result in high hybridization background, 
unlabeled competitor DNA is hybridized to the 
probe in order to saturate the repetitive probe 
sequences (Landegent et al., 1987; Lichter et al., 
1988a; Pinkel et al, 1988). This procedure has 
also been termed chromosomal in situ suppres- 
sion (CISS) hybridization (Lichter et al., 1988a). 
An ideal source of competitor DNA is the Cot-1 
fraction of genomic DNA containing the highly 
repetitive sequences. 

In addition to the application of conventional 
cloning strategies various PCR protocols have 
been developed for the generation of probes for 
FISH. Universal PCR is applied where it is in- 
tended to amplify as many sites as possible from 
the template DNA. This can be achieved in sev- 
eral ways. One possibility is to allow annealing of 
the primer at multiple sites of the template by 
lowering the conditions of the hybridization strin- 
gency. This strategy has been called 'priming 
authorizing random mismatches (PARM-PCR)' 
(Milan et al., 1993). Another strategy is to use 
degenerated primers that are able to anneal at 
multiple sites of the template DNA. Telenius et 
al. (1992a) constructed a 22 nt 'DOP'-primer 
(degenerate oligonucleotide primer), harboring 6 
variable nucleotides within its central part. Thus, 
there are 4 6 different primers in the reaction. 
During an initial amplification phase the anneal- 
ing temperature is held very low (30°C) allowing 
binding of the specific hexamer at the 3' end as 
well as the adjacent degenerate hexamer at fre- 
quent intervals (about every 10 4 bp). During a 
second phase the annealing temperature is in- 
creased to about 55°C for the specific annealing 
of the full 22 nt primer in order to amplify the 
products of the first PCR cycles (Telenius et al., 
1992a). A similar approach using degenerated 
primers was described by Bohlander and co- 
workers (1992). Instead of Taq polymerase T7 
DNA polymerase was used for the initial amplifi- 
cation steps at low annealing temperatures. Ac- 
cording to these authors, T7 polymerase leads to 
longer stretches of newly synthesized DNA be- 
cause of better strand displacement synthesis ca- 
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pabilities (Bohlander et al., 1992). Universal am- 
plification is also obtained by 'linker-adapter- 
PCR\ which is particularly suited for small sized 
template fragments. Sized DNA fragments are 
ligated to a linker-adapter oligonucleotide, and a 
primer directed against this adapter element can 
then be used for PCR amplification (Liidecke et 
al., 1989; Chang et al., 1992; Vooijs et al., 1993). 

Species-specific amplification of mammalian 
DNA can be achieved by IRS-PCR (interspersed 
repetitive sequence-PCR) (Nelson et al., 1989; 
Ledbetter et al., 1990) amplifying sequences be- 
tween repeated elements. In principal this is 
achieved by using primers directed against short 
or long interspersed sequences (Alu- or LINE-1 
elements). At least one member of a primer pair 
recognizes a species specific subsequence, thus 
allowing specific amplification of sequences from 
this species that are present in a different genetic 
background (e.g., DNA in hybrid cells, YACs in 
yeast cells, etc.). Optimization of primer se- 
quences (e.g., for minimal self-complementation) 
is referenced below (see also Nelson et al., 1989; 
Brooks-Wilson et al., 1990; Cotter et al., 1990; 
Sinke et al., 1992). 

In the following we briefly review the various 
kinds of probes currently used in FISH. For the 
detection of numerical chromosomal aberrations 
probes recognizing chromosome specific tandemly 
repeated sequences, e.g., members of the alphoid 
repeat family, have been widely used (for review 
see Willard and Waye, 1987; Lichter et al, 1991; 
Tkachuk et al., 1991). The basic unit of the 
alphoid sequences is a 171 basepair monomer 
which is organized in reiterated units of higher 
order. The monomer sequences are modified 
multifold and some of these modifications result 
in chromosome specific subsequences. Usually a 
repetitive probe consists of a single cloned DNA 
fragment containing one or only a few of the 
repeated elements. Alternative approaches for 
the generation of alphoid probes use the PCR 
technique to amplify chromosome specific subse- 
quences from various sources of genomic DNA 
(Koch et al., 1989; Weier et al., 1990; Dunham et 
al., 1991). Primers recognizing such subsequences 
can be used for amplifications from whole human 
genomic DNA. In cases where such sequences 



are not available, primers flanking the chromo- 
some specific subsequences of the alphoid repeat 
can be used for PCR from the DNA of individual 
chromosomes present in somatic hybrid cells or 
fractions of sorted human chromosomes. 

The potential of these chromosome specific 
repetitive probes for the approach of interphase 
cytogenetics (see below) is based mainly on two 
characteristics: (a) their high efficiency in visualiz- 
ing the target sequences which is due to the size 
of the labeled genomic region, and (b) the fact 
that these regions consist of heterochromatin 
which is highly condensed resulting in focal sig- 
nals in interphase cell nuclei. However, the analy- 
sis of patient cells from various diseases some- 
times reveals cases where the centromeric hete- 
rochromatin is highly decondensed. This can 
hamper the enumeration of hybridization signals 
significantly (see Dohner et al., 1992). Similarity, 
somatic pairing of the centromeric region could 
result in a misinterpretation as a monosomy. A 
tissue specific pairing of chromosome 1 and 17 
has been described by Arnoldus et al. (1989, 
1991c). v 

Probe sets that specifically stain individual 
chromosomes were first obtained from DNA li- 
braries derived from flow-sorted chromosomes 
which are also available through the American 
Type Culture Collection (Cremer et al., 1988; 
Lichter et al, 1988b; Pinkel et al., 1988). The first 
'chromosome painting' probes consisted of li- 
braries with high proportions of vector DNA fre- 
quently causing high background. The re-cloning 
of these DNA inserts from phage into plasmid 
vectors resulted in favourable ratios of insert to 
vector sequences (Fuscoe et al, 1989). Today, 
painting probes cloned in bluescribe vector are 
available for all human chromosomes (Collins et 
al, 1991). These 'pBS libraries' can also be ob- 
tained as labeled probes from commercial sources. 

Chromosome specific probes using flow sorted 
chromosomes were obtained by PCR in several 
ways. Using a primer-pair that was directed 
against the flanking sequences of the Charon-4A 
vector and thus allowing the amplification of the 
insert sequences, it was possible to obtain chro- 
mosome specific painting probes from bacterio- 
phage lamda libraries (Burde and Leary, 1992). 
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Small amounts of flow sorted chromosomes could 
also be directly amplified either by DOP-PCR 
(Carter et al., 1992; Telenius et al., 1992b), IRS- 
PCR (Suijkerbuijk et al, 1992) or linker-adapter- 
PCR (Chang et al., 1992; Vooijs et ah, 1993), see 
above). In contrast to Alu-PCR, DOP-PCR al- 
lows the amplification from DNA of any species. 
Thus, painting probes from flow sorted pig chro- 
mosomes could also be obtained using this ap- 
proach (Langford et al, 1992). 

Ideal tools for the staining of specific chromo- 
somal subregions, e.g., a chromosomal band, are 
DNA libraries generated from microdissected 
chromosomes. Directly cloned dissected frag- 
ments (Lengauer et al., 1991a) or sequences 
cloned following linker-adapter-PCR (Ludecke et 
al., 1989; Lengauer et al., 1991b) have been suc- 
cessfully applied. Recently it was demonstrated, 
that microdissected material from small numbers 
of samples could be amplified by universal PCR 
and directly used for efficient delineation of the 
target region (Bohlander et al., 1992; Melzer et 
al., 1992). 

Another source for chromosome painting 
probes are somatic hybrid cells containing only 
one chromosome from a particular species 
(Kievits et al., 1990). Despite the high proportion 
of rodent DNA within such a probe, the single 
chromosomes, that were retained within the hy- 
brid cells result in a specific painting of the 
corresponding chromosomes on human 
metaphase spreads. In the same way mouse chro- 
mosomes could be specifically painted using 
mouse/hamster hybrid cell lines (Boyle et al., 
1990). Applying IRS-PCR it was possible to 
rapidly obtain human chromosome-specific paint- 
ing probes out of DNA of monochromosomal 
hybrid cell lines (Lengauer et al., 1990; Lichter et 
al., 1990a). 

Plasmid-, phage-, cosmid- and YAC-clones are 
frequently used for the analysis of single loci. The 
capability of the various kinds of probes to specif- 
ically visualize their target sequences was re- 
viewed previously (e.g., Lichter et al., 1991). Since 
the efficiency correlates with the size of the tar- 
get region, YAC clones are particularly suitable 
probes. The use of the total DNA from a yeast 
clone containing a YAC may suffer from back- 



ground problems because of the large percentage 
of labeled yeast genomic DNA within the probe. 
However, this can be avoided by isolation of the 
YAC following pulsed field gel electrophoresis. A 
very practical alternative is provided by the IRS- 
PCR technique (see above) for selective amplifi- 
cation of human sequences. However, the proto- 
col used for specific amplification of human DNA 
out of human/rodent hybrid cell lines turned out 
not to be sufficient for generating suitable FISH 
probes from YACs. Therefore, new conditions 
had to be designed with special emphasis on 
primers which (a) minimize the Alu-content of 
inter-Alu PCR products; (b) recognize highly con- 
served regions of Alu elements; and (c) result in 
products independent of the orientation of flank- 
ing Alu-elements (Baldini et al., 1992; Breen et 
al., 1992; Lengauer et al., 1992; Tagle and Collins, 
1992). It should be noted that, following this PCR 
strategy, representative amplification of human 
sequences is only guaranteed, when sufficient re- 
peated elements are present within the cloned 
insert. YAC libraries exhibit high percentages 
(10-50%) of clones with non-contiguous, co- 
ligated insert sequences (for review see van Qm- 
men, 1993). FISH is the method of choice to 
determine the degree of chimerism in a YAC 
library. If YAC probes generated by IRS-PCR 
are not representative, smaller co-ligated frag- 
ments might not be visible. 



4. Optical instrumentation and digital imaging 

The potential of FISH has been greatly in- 
creased by advancements in digital imaging mi- 
croscopy. Digitized images not only facilitate the 
handling and storage of optical information but 
also allow more sophisticated image analyses ap- 
plying appropriate computer software. In general, 
two different kinds of optical systems are used: 
powerful epifluorescence microscopes equipped 
with confocal laser scanning devices or sensitive 
cameras. Confocal laser scanning microscopy al- 
lows to generate stacks of optical sections from a 
fluorescently labeled specimen. Each section can 
be stored as digitized image and stacks of consec- 
utive sections can be used for three-dimensional 



140 



S. Joos et ai / Journal of Biotechnology 35 (1994) 135-153 



reconstruction of the labeled objects applying ap- 
propriate 3D imaging software. In many cases the 
spatial relation of differentially labeled targets 
can be already assessed by acquiring an optical 
section of the plane defined by the location of the 
signals of interest. Distance measurements are 
then reduced to a two-dimensional analysis omit- 
ting the need for somewhat circumstantial three- 
dimensional reconstructions. Confocal mi- 
croscopy generally allows to resolve signals with a 
resolution of >: 0.5 in the z-axis and > 0.2 
fim in the x- and y-axes (Jovin and Arndt-Jovin, 
1989; Shotton, 1989). It is used for the analysis of 
the three-dimensional structure of chromosomes, 
subchromosomal regions or the suprachromoso- 
mal organisation within cell nuclei. Thus, nuclear 
architecture can be investigated by visualization 
of nuclear entities - either by in situ hybridiza- 
tion or by immunodetection - and the analysis of 
their spatial relation using confocal laser scan- 
ning microscopy (see for example Arndt-Jovin et 
aL, 1990; van Dekken et al., 1990; Rawlins et al., 
1991; Zirbel et al., 1993). It should be noted that 
an alternative approach to 3D microscopy is pro- 
vided by using stacks of digitized images, which 
are obtained by using a sensitive camera con- 
nected to a conventional microscope. Whereas in 
the confocal microscope an additional aperture 
reduces the out of focus fluorescence physically, 
in such a set of images this reduction is achieved 
by applying sophisticated algorithms (Arndt-Jovin 
et al., 1985; Hiraoka et al., 1987) which are based 
on the comparison of consecutive images and 
their deconvolutions. Originally this approach has 
only be used by highly specialized laboratories, 
since the requirements for computer hardware 
were very high. However, recent developments in 
computer hardware and software allowed to re- 
duce these requirements resulting in commer- 
cially available systems suited for a broader appli- 
cation. 

High quality digitized images are obtained us- 
ing sensitive camera systems. The most sensitive 
system to date is the so-called cooled CCD 
(charged coupled device) camera. Its capability to 
count photons allows imaging of very low light 
over a wide range of wavelengths. Since this is 
achieved over a broad dynamic range, images 



generated by cooled CCD cameras are particu- 
larly useful for the objective, quantitative mea- 
surement of fluorescence signals. This provides 
the basis for the comparison of fluorescence in- 
tensities by the calculation of their ratios (for 
applications see below). In order to obtain a 
mean ratio, multiple comparisons have to be per- 
formed. This requires careful standardization of 
the conditions of image acquisition, such as the 
adequate standardization of excitation, lenses, 
camera integration time and sensitivity of the 
photomultiplier. The conditions have to be ad- 
justed in order to avoid saturation of the signal 
image. Furthermore, the differences in fluo- 
rochrome stability and bleaching characteristics 
can also influence the ratio measurement. There- 
fore, fluorochromes of similar stability should be 
chosen or measurements should be standardized 
accordingly. 

Digitized images of objects stained by several 
fluorochromes can in principle be obtained in two 
ways: (a) by using cameras recording color infor- 
mation; or (b) by generating gray-scale images 
separatly for each fluorochrome followed by 
pseudocolorization and electronical overlay. Due 
to the high magnification required for chromo- 
some analysis, this overlaying can be critically 
influenced by the so-called registration problem. 
For the image acquisition of each fluorochrome 
filter cubes are moved containing the excitation 
filter, the dichroic mirror and the emission filter. 
Slight differences in the position of the filters 
result in a shift of the images. Overlaying of 
shifted images could affect the spatial relation of 
two differentially labeled chromosomal regions 
dramatically. Therefore their relation could only 
be concluded from overlayed images, when im- 
ages are re-adjusted. This can be accomplished 
on various levels: (a) by fine adjustment of filter 
positions within a device of several filter combi- 
nations; (b) by using filters free of wedges, which 
would cause a shift of light pathway; (c) by fixing 
a dichroic mirror and changing adjusted emission 
and/or excitation filters on a separate wheel 
which is moved by motorized devices; (d) by using 
contures of the object such as chromosome 
boundaries or background fluorescence for re-ad- 
justment by software; (e) by an additional hy- 
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bridization with a control probe simultaneously, 
detected via all fluorochromes used in the experi- 
ment and software-mediated re-adjustment ac- 
cording to these signals; (0 as in (e) but using 
multicolor fluorescent beads. Also, for the mea- 
surement of signal distances one probe could be 
detected by, e.g., FITC, whereas a second one is 
detected via FITC as well as, e.g., rhodamine. 
The rhodamine allows signal assignment, but the 
distance between the two probes is measured 
only using the FITC image. Thus, no shifting 
could influence the distance analysis. 

New filter types are developed which allow the 
simultaneous detection of two or more fluo- 
rochromes. They consist of a filter with two or 
more narrow bandpasses for excitation and a 
filter with corresponding bandpasses for emission 
and include a specialized dichroic mirror. Since 
multiple bandpass filters yield in the simultane- 
ous visualization of several fluorochromes, a digi- 
tized image acquired using such a filter allows to 
measure the geometric relation of differently 
stained targets without the need for re-adjust- 
ment. Multi-bandpass filters can also be used to 
align images obtained with single bandpass filters. 
For example, a multi-bandpass image showing 
fluorochromes A and B simultaneously can be 
used as a reference image. Seperate overlaying of 
images from fluorochrome A and B to this refer- 
ence, respectively, reveals the image shifts rela- 
tive to the reference. Based on this information, 
images for fluorochromes A and B can then be 
overlaid and realigned precisely. 

It should be noted, that the multi-bandpass 
filters in general lower the detection sensitivity 
because of reduced transmission as compared to 
single bandpass filter sets, and therefore, strong 
fluorescent signals are required in such applica- 
tions. Recently, colored CCD cameras have be- 
come commercially available. These use a signifi- 
cant proportion of the camera picture elements 
to gain color information. Although this results in 
some decrease of sensitivity and resolution, such 
cameras are of high practical value in many appli- 
cations of FISH. Since image overlay is omitted, 
colored CCD cameras are particularly useful for 
routine work. New developments of color CCD 
cameras invest in the use of multiple chips, each 



for one color, in order to avoid the need for 
camera picture elements within a single chip. 
This should allow in the future to reach sensitivi- 
ties comparable to gray level camera systems. 
Object areas stained by two or more fluo- 
rochromes and detected using multi-bandpass fil- 
ters are visible in a mixed color. Thus, mixtures of 
two colors at different ratios become visible by 
differences in the final mixed color (see below). 
However, current instruments for simultaneous 
color recording seem not suitable for advanced 
applications of ratio imaging (see below) and 
quantitative fluorescence microscopy. 



5. Multicolor fluorescence in situ hybridization 

The potential of FISH is greatly increased by 
the possibility to simultaneously visualize multi- 
ple targets in a single specimen. When each tar- 
get is delineated by a different fluorochrome, the 
number of targets is limited by the fluorochromes 
that can be distinguished spectrally. Accordingly, 
with the advent of the coumarin AMCA emitting 
in the blue spectral range, a third probe could be 
detected individually in addition to a green (e.g., 
FITC) and red (e.g., rhodamine) stained probe 
(Nederlof et al., 1989a, b). By the combination of 
different DNA labeling/detection systems it is 
possible to increase the number of detectable 
targets (Nederlof et aL, 1990). The labeling of 
seven targets by combination of three colors was 
recently reported (Ried et al., 1992a; Wiegant et 
al., 1993). Using selective optical filters, gray-scale 
images were obtained for each of the three fluo- 
rochromes. Comparison of these images, e.g., by 
overlaying, revealed targets detected by one fluo- 
rochrome or by combinations of two or three 
fluorochromes. Based on this analysis, separate 
gray-scale images were generated for every differ- 
entiated target (e.g., one image from red signals 
only, one from green signals only, a third one 
from red and green only, etc.). Finally, the seven 
different gray-scale images were pseudocolored 
and merged to result in an image, where the 
seven different probes are discriminated by color. 
Probes can also be discriminated by combina- 
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tion of colors at different ratios (Nederlof et al., 
1992; Du Manoir et al., 1993). Probes are labeled 
by two or more reporter molecules added at 
variable proportions to the labeling reaction 
C ratio-labeling'). Measuring different ratios of the 
two fluorochromes FITC/TRITC allowed to 
clearly distinguish between three different probes 
to which a pseudocolor could be assigned: ratios 
of 1 : 1, 1 : 10 and 1 : 50 (Nederlof et al„ 1992); or 
ratios 4 : 1, 1 : 1 and 1 : 4 (Du Manoir et al., 1993). 
Dauwerse et al., demonstrated, that for large 
stained areas (such as painted chromosomes) mix- 
ing of FITC and TRITC in multiple ratios al- 
lowed to distinguish 7 different targets by the 
differences in the resulting real color as it is 
visible through a dual bandpass filter. Finally, by 
a combination of combinatorial and ratio labeling 
12 different targets could be visualized simultane- 
ously in real colors (Dauwerse et al., 1992). Based 
on these data and due to the availability of fur- 
ther fluorochromes (see above) one can envisage 
the simultaneous detection of all 24 different 
human chromosomes in discrete colors. The de- 
velopment of multicolor in situ hybridization is 
particularly useful for many diagnostic applica- 
tions of FISH (see below). 



6. Rapid mapping of DNA sequences 

DNA sequences can be mapped by fluores- 
cence in situ hybridization with speed and preci- 
sion (Lichter and Ward, 1990c; Lichter et al., 
1991; McNeil et al., 1991; Trask, 1991; Lawrence 
et al., 1992; Korenberg et al., 1992). A fast ap- 
proach to order large numbers of cosmids along 
chromosomes uses geometrical mapping coordi- 
nates. The distance between the probe and the 
telomere of the short arm of the chromosome 
(pter) is expressed as a fraction of the total length 
of the chromosome (FLpter, fractional length 
from pter; Lichter et al., 1990b). However, there 
are polymorphisms in chromosome length (Trask 
et al, 1989b) which might affect the FLpter val- 
ues. Furthermore, differential condensation along 
a chromosome might result in higher variabilities 
of the FLpter values when chromosomes of dif- 
ferent condensation stage are used. Therefore, it 
is recommended to perform this analysis with the 
same homolog and with chromosomes of similar 
length. The accuracy might be improved by mea- 
suring fractional lengths within smaller chromo- 
somal regions, e.g., defined by the borders of 
chromosome bands (Lawrence et al, 1990). 
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For many applications it is necessary to relate 
a signal relative to chromosomal bands. Protocols 
for Giemsa banding prior to FISH experiments 
have been published (see, e.g., Klever et al., 1991). 
Whereas prehybridization banding is time-con- 
suming since it requires the relocation of the 
same metaphases, protocols have been developed 
which allow a simultaneous visualization of bands 
and signals. Frequently this chromosome banding 
is achieved by DAPI (sometimes combined with 
actinomycin D), Hoechst 33258, chromomycin or 
quinacrine following in situ hybridization. Many 
of these banding procedures result in higher qual- 
ity banding, when incorporation of the thymidine 
analogue BrdU and UV-irradiation is included. 
Successive staining with fluorochromes like DAPI, 
Hoechst 33258 or propidium iodide results in the 
generatation of R- or G-bands - depending on 
the stage of the cell cycle during BrdU applica- 
tion (Fan et al., 1990; Takahashi et al., 1990; 
Lemieux et al., 1992). An alternative method for 
simultaneous banding is based on the co-hybridi- 
zation of differentially labeled, interspersed 
repetitive DNA probes. For example, human Alu 
sequences generate a R-band-like pattern that 
can be utilized for gene mapping analyses (Lichter 
et al., 1990b; Baldini and Ward, 1991). 

Many analyses focus on the relative position of 
probes. The resolution of ordering two closely 
adjacent probes on chromosomes is obviously lim- 
ited by the condensation state of the chromatin. 
The resolution limits on metaphase chromosomes 
might vary between laboratories, but a recent 
comprehensive study demonstrates, that probes 
separated by 1 Mb can still be ordered (Trask et 
al., 1993). 

In order to increase the mapping resolution, 
preparations of chromatin with a lower state of 
DNA condensation has been utilized. The map- 
ping resolutions achieved by these various tech- 
niques are summarized in Fig. 1. In order to 
obtain very elongated chromosomes, interphase 
cells can be fused with mitotic cells leading to 
'premature chromosome condensation' (PCCs) 
(Rao and Johnson, 1970; Sperling and Rao, 1974). 
These structures are, in general, longer than 
metaphase chromosomes and can also be used 
for in situ hybridization (Evans et al., 1991). Stan- 
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dard PCC protocols use HeLa cells as the mitotic 
fusion partner. However, HeLa also contributes 
often to the PCC structures. Since HeLa contains 
a multifold rearranged genome, it is not suitable 
to use this cell line for PCC preparations in gene 
mapping. Alternatively, we have used rodent cells 
as mitotic fusion partners, but the yield of PCC 
preparations is in our hands not sufficient for 
broad scale mapping projects (our own unpub- 
lished observations). 

An even higher resolution is achieved using 
preparations of interphase nuclei (Lawrence et 
al., 1988, 1990; Trask et aL, 1989a, 1991b; van 
den Engh et al., 1992). Since the longitudinal 
extension of the chromatid cannot be visualized, 
ordering is achieved by indirect procedures. A set 
of probes is ordered by comparison of the aver- 
age distances between pairs of probes labeled in 
the nucleus. It was shown, that there is a linear 
relationship between the distance of two probes 
on the DNA level and the average distance of the 
interphase hybridization signals measured. This 
linearity is observed within the range of 100 kb to 
2000 kb distance (for references see above). 
Within this range the distances between hy- 
bridization signals in interphase nuclei follow a 
random walk model (van den Engh et al., 1992). 
Thus systematic influences due to higher order 
structures within the chromatin seem not to be 
important when using the experimental condi- 
tions applied in these studies (e.g., methanol/ 
acetic acid fixation, flat nuclei, etc.). Further in- 
crease of the molecular distance does not allow 
unambiguous probe ordering. As an alternative to 
distance measurements, multiple probes labeled 
differentially can be hybridized to cell nuclei and 
probe ordering is performed by determining the 
highest frequence in which a certain order of, 
e.g., three probes occurs (for references see 
above). 

More recently, the use of FISH to other chro- 
matin preparation techniques allowed to further 
extend the mapping resolution. After in vitro 
fertilization of hamster eggs using hamster or 
human sperms, DNA from pronuclei can be pre- 
pared in form of highly decondensed chromatin 
fibers. Multicolor in situ hybridization to these 
fibers allows to order probes with a resolution 
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which is in the 20-800 kb range (Brandriff et al., 
1991). A similar range has been reported for the 
use of so called 'free chromatin', which is pre- 
pared using inhibitors of chromatin condensation, 
in particular topoisomerase II inhibitors. On such 
structures probes separated between 21 and 300 
kb could be mapped relative to each other (Heng 
et al., 1992). 

Ultimately, very high resolution is achieved 
when FISH is applied to DNA halo preparations 
(Wiegant et al., 1992). High salt treatment of cell 
nuclei allows the preparation of highly extended 
DNA loops (Paulson and Laemmli, 1977; Vogel- 
stein et al., 1980). Hybridization of single probes 
to the elongated DNA results in signals which 
appear like 'beads on a string*. Probes of, e.g., 
cosmid size label DNA which extends one to 
several jim in length (see Fig. 2A). Closely adja- 
cent and even overlapping probes can be specifi- 
cally delineated and ordered (Wiegant et al., 1992; 
Ried and co-workers, personal communication). 
Thus the maximal resolution is in the order of a 
few kb. On the other hand, probes further apart 
can only be ordered by this procedure when the 
DNA loop is visualized, e.g., by a co-hybridized 
probe set. Beyond the size of one DNA loop 
(60-200 kb) mapping seems not to be suitable. 
However, these structures can be used to answer 
questions about the specific localization of cer- 
tain DNA sequences in DNA loops or at sites 
attached to the nuclear matrix (Lawrence et al., 
1992, see also Fig. 2A). 



7. Analysis of clinical materials by fluorescence in 
situ hybridization 

Classical cytogenetics has contributed widely 
to the identification of genomic rearrangements 
found in genetic diseases and tumor cells. These 
rearrangements include numerical as well as 
structural chromosomal changes, such as dele- 
tions, duplications, inversions, translocations or 
amplifications. The latter might become visible by 
homogeneously staining regions (HSRs) or dou- 
ble minute (DM) chromosomes. By means of 
molecular genetics, genomic alterations are char- 
acterized on the molecular level pinpointing, e.g., 
chromosomal breakpoints to small DNA seg- 
ments or even on the basepair level. Fluorescence 
in situ hybridization provides a link between 
chromosomal banding methods and such molecu- 
lar analyses. A particular advantage of FISH is 
the potential to detect very small, submicroscopic 
chromosomal changes, such as small rearranged 
- e.g., translocated or deleted - material (see 
below). Furthermore in situ hybridization with 
suitable probes or probe sets allows to analyze 
chromosomal aberrations not only on metaphase 
chromosome spreads but also in interphase nuclei 
(see for example Fig. 2B). Since this analysis can 
be performed on the single cell level, it provides 
the basis for more detailed investigations of the 
clonal composition of cell populations in clinical 
samples. The applications of FISH to non-cycling 
cells allows a representative survey of the cell 



Fig. 2. (A) Fluorescence in situ hybridization to the DNA halo preparation of a fibroblast nucleus. Two cosmid clones derived from 
the c-myc region on chromosome 8q24 known to be separated by about 200 kb were hybridized and detected with FITC and 
TRITC, respectively (see arrows). Chromatin is counterstained with DAPI-tne nucleus is in the center (dense DAPI stain) and the 
halo-DNA is visible in the periphery (dimmer DAPI stain). Note the extension of the cosmid signals. This experiment is part of a 
study designed to analyze possible specific binding of DNA sequences to the nuclear matrix contained within the nucleus. (B) 
Example of an interphase cytogenetic analysis regarding the copy number of the RB-1 tumor supressor gene in cells of a patient 
suffering from a B-cell chronic lymphoid leukemia (B-CLL). Whereas in the metaphase spread two RB-1 homologs are visible, only 
one signal can be detected in the interphase nucleus indicating that the metaphase is most likely not derived from a leukemic cell, 
but possibly from a co-stimulated T-cell. This experiment is part of a study designed to detect the real frequency of certain 
chromosomal aberrations in the blood of B-CLL patients (see e.g., Stilgenbauer et al., 1993). (C and D) Comparative genomic 
hybridization (CGH) (for the procedure see scheme in Fig. 3 and text) revealing chromosomal imbalances in a T-cell prolympho- 
cyte leukemia (T-PLL). DNA from normal cells was labeled with biotin and detected via FITC (c), whereas the tumor DNA was 
labeled with digoxigenin and detected via rhodamine (d). Deletions of chromosomal arms or smaller regions of it are clearly visible 
based on the weaker staining by the tumor DNA. For example see 6q, 8p, llqter. Overrepresented chromosomal material can be 
identified by a stronger staining of chromosomal regions (see, e.g., 6p and 8q). An extensive analysis of this case has been published 
in Du Manoir et al. (1993). 



S. Joos et at /Journal of Biotechnology 35 (1994) 135-153 



145 








11 




6 








6 




8 


11 




c 




8 



5. Joos et al /Journal of Biotechnology 35 (1994) 135-153 



Labeled total DNA from source 
(examples see below) to analyze 



Genomic DNA 
from normal cells 



m. 



11_ in 



ii_ 

3£_ 



Label total DNA 
(e.g. by blotin f) 



ILL 



TTT 
T T 



JEL TTTT 

Label total DNA 
(e.g. by digoxIgenlnT) 



Co-hybrldlzatlon 
Suppression 
Hybridization I* 



Normal Chromosomes 



Detection 



PNA from; 



results In 



Signals on normal 
chromosomes 
(partial karyotype) 



Co-hybridization with 
normal DNA 



Mono- 
chromosomal 
hybrid cell line 




Sorted 
marker 
chromosome 




Cells with 
amplified DNA (a) 
or polysomles (b) 







Cells with 
deletions (c) or 
monosomies (d) 







S. Joos et al /Journal of Biotechnology 35 (1994) 135-153 



147 



population, which might be biased by selective 
mitogenic stimulation of subclones in metaphase 
analysis (Nederlof et al., 1989b; Du Manoir et al., 
1993). 

Analysis of numerical chromosomal changes in 
interphase nuclei was first performed on sex 
chromosomes by staining of the Barr- and Y-bod- 
ies (Barr and Bertram, 1949; Pearson et al., 1970). 
In situ hybridization of chromosome specific 
probes was used for the analysis of aneuploidies 
in spermatozoa nuclei (Joseph et ah, 1984) and in 
amniotic fluid cells (Cremer et al., 1986). Since 
then, this approach is termed 'interphase cytoge- 
netics' (Cremer et al., 1986). It is of particular 
advantage in cases where metaphase chromo- 
somes cannot (or only hardly) be prepared, as, 
e.g., in many solid tumors. Interphase cytogenet- 
ics also facilitates the diagnosis of human amni- 
otic fluid cells, chorionic villi samples (Collins et 
al., 1991; Chumakov et al., 1992; Klinger et al., 
1992), blood or bone marrow smears (see, e.g., 
Anastasi et al., 1991; Bentz et al., 1993), and even 
of tissue section material (Manuelidis, 1985; Burns 
et al., 1986; Hopman et al., 1988; Emmerich et 
al., 1989; Arnoldus et al., 1991b; Rawlins et al., 
1991; Hopman et al., 1992; Scherthan and Cre- 
mer, 1993; Stock et al., 1993). In general, this 
approach allows the evaluation of larger numbers 
of cells leading to more representative data col- 
lections. An alternative approach uses nuclei iso- 
lated from thick tissue sections which are spread 



on slides (Arnoldus et al., 1991a; Hopman et al., 
1992). Whereas some of the morphological infor- 
mation is lost, this procedure allows sensitive 
delineation even of small target sequences. 

Limitations of interphase cytogenetics are dis- 
cussed in detail elsewhere (Tkachuk et al., 1991; 
Lichter and Ried, 1994). Large signals - as, e.g., 
whole chromosome paintings - are more likely to 
overlap in interphase nuclei. Therefore, more fo- 
cal signals, for example obtained with most YACs 
or cosmids, are generally preferred. The hy- 
bridization efficiency of diagnostic probes must 
be very high, in particular, when mutiple probes 
are co-hybridized. For example, when each probe 
visualizes its target with an efficiency of 90%, the 
chance to detect three signals simultaneously will 
decrease below 75% (0.9 3 = 0.729). For more ex- 
tensive discussions see Lengauer et al. (1993). An 
important application of multicolor FISH and 
interphase cytogenetics in prenatal diagnosis was 
recently demonstrated by Ried and colleagues 
(1992b). 

A novel technique (MAC: morphology, anti- 
body, chromosomes) that was initially described 
by Knuutila and co-workers allows to combine 
histological staining with labeling procedures by 
using antibodies and in situ hybridization (Knu- 
utila and Teerenhovi, 1989; Larramedy and 
Knuutila, 1990; Tiainen et al., 1992; Kibbelaar et 
al., 1992). By this approach specific chromosomal 
aberrations can be related to certain cell types 



Fig. 3. Schematic illustration of 'comparative genomic hybridization* (CGH) for chromosome analysis. Total DNA from cells to be 
analyzed ('test DNA\ e.g., from tumor material) is labeled and hybridized to normal metaphase chromosomes. As an internal 
control differentially labeled DNA from normal cells Ccontrol DNA') is co-hybridized with the test DNA under conditions of 
supression hybridization. The two DNAs are detected by different fluorochromes. Applications of this approach are indicated in 
the lower part of the scheme. (A) Hybridization of test DNA isolated from a mono-chromosomal hybrid ceil line containing only a 
single human chromosome results in specific painting (indicated in black) of the corresponding chromosome in human metaphase 
spreads. The non-human chromosomes within this hybrid cell line do not contribute to a staining of the human chromosomes. (B) 
Using DNA of marker chromosomes as probe results in specific painting of the regions of which the marker is composed. In this 
way reverse painting allows the analysis of the origin of the marker. (C) Overrepresented sequences like amplifications (a) or 
polysemies (b) can be identified after hybridization with the test DNA. They result in a staining of the corresponding chromosomes 
or chromosomal regions (indicated in black), which is stronger than the general chromosomal labeling. Comparison with the control 
DNA allows a more reliable assessment of fluorescent intensities which are of diagnostic value, since variabilities in signal 
intensities can also be due to experimental parameters or DNA polymorphisms. (D) Partial or total loss of chromosomes (deletions 
(c) or monosomies (d)) can be identified by a weaker staining of the corresponding chromosomal regions (indicated in light grey). 
Again comparison with the control DNA allows a more reliable assessment of fluorescent intensities which are of diagnostic value. 
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and cell lineages. Thus, the potential for the 
diagnosis of tumor associated chromosomal alter- 
ations is extended considerably. 

The use of multiprobe/multicolor FISH allows 
the development of chromosomal banding pat- 
terns that fit the needs of an experimental situa- 
tion through the choice of an ordered set of 
clones for a given chromosome or chromosomal 
region (Cremer et al., 1986; Lichter et al., 1990b; 
Nederlof et aL, 1990; Pinkel, D., Rutovitz, D., 
Gray, J., personal communication). Multiprobe 
FISH experiments defining each chromosome on 
a normal human karyotype were recently re- 
ported (Lengauer et al., 1993). Individual staining 
patterns are obtained by the order, distance and 
color of hybridization signals from probes or 
nested probe sets. In analogy to other digital 
identification procedures, the signals were termed 
'bars' and the individual staining patterns 'chro- 
mosomal bar codes' (Lengauer et al., 1993). This 
approach is aimed to allow diagnosis of chromo- 
somal aberrations by one or only a few hybridiza- 
tion experiments also providing the basis for au- 
tomated chromosome analysis. It should be noted, 
that the more probes are co-hybridized the more 
the limitations regarding the efficiency in simulta- 
neous probe detection apply (see above). 

By in situ hybridization with increasing num- 
bers of probes more chromosomal areas can be 
analyzed with regard to genomic alterations. Al- 
ternatively, a new and very powerful approach, 
which has recently been introduced, allows a 
comprehensive analysis of chromosomal imbal- 
ances (Kallioniemi et al., 1992). This method, 
which is outlined in Fig. 3, is based on a principle 
previously applied for the analysis of selected 
chromosomes and termed 'reverse chromosome 
painting' (Carter et aL, 1992). Hybridization of 
the whole genomic DNA from an interspecies 
somatic cell hybrid to normal chromosomes from 
one parental species results in the delineation of 
species specific chromosomal regions (Boyle et 
al., 1990; Kievits et al., 1990). Similarily, the DNA 
of flow sorted human marker chromosomes can 
be hybridized to normal human chromosomes 
delineating the composition of the marker (Chang 
et al., 1992; Suijkerbuijk et al., 1992; Telenius et 
al., 1992b). By using whole genomic DNA from a 



certain cell population of one organism ('test 
DNA'), hybridization to normal chromosomes re- 
sults in a more or less even labeling of the chro- 
mosomes. Over- or underrepresented chromoso- 
mal regions, however, result in a stronger or 
weaker staining, respectively, of the correspond- 
ing target sequences (see also Joos et al, 1993; 
Kallioniemi et al., 1993). Since signal variations 
also occur due to experimental parameters or 
polymorphic sequences, differentially labeled 
normal DNA ('control DNA') is co-hybridized 
and detected by a different fluorochrome (Fig. 3). 
Comparison of the signals generated by test and 
control DNA allows a more accurate assessment 
of chromosomal gains and losses. Hence, this 
appraoach was termed 'Comparative Genomic 
Hybridization (CGH)' (Kallioniemi et al., 1992). 
An example for the analysis by CGH is shown in 
Fig. 2B and C. Many chromosomal imbalances - 
in particular amplifications - are visible even 
without co-hybridization of control DNA (Kal- 
lioniemi et al., 1992; Joos et al., 1993). However, 
for a more sophisticated analysis, e.g., if the de- 
gree of over- or underrepresentation is to be 
analyzed, ratio comparisons as performed for 
CGH are the method of choice (Kallioniemi et 
al., 1992; Du Manoir et al., 1993). This compari- 
son is based on high quality gray level images of 
each fluorochrome, acquired, e.g., using a cooled 
CCD camera (see above), and appropriate image 
analysis software for the comparison of signal 
intensities along the longitudinal axis of the chro- 
mosomes. At present, the identification of com- 
plete or partial monosomies, trisomies and (with 
a certain probability) tetrasomies by ratio mea- 
surements was reported (Kallioniemi et al., 1992; 
Du Manoir et al., 1993). Future developments on 
fluorochromes, optical instrumentation and im- 
age analysis are likely to further increase the 
potential of CGH by allowing to also differenti- 
ate, e.g., pentasomies, etc., or to detect mono- 
somies and other imbalances in a subset of the 
analyzed cell population. The latter is of particu- 
lar importance for the investigation of many tu- 
mors, since the tissue samples to be analyzed are 
frequently comprised only in part of tumor cells 
harbouring genomic alterations. Whereas ampli- 
fied sequences of > 100 kb become immediately 
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visible, the minimal size of a detectable chromo- 
somal region present in one or three copies still 
has to be determined. Kallioniemi and co-workers 
reported the identification of interstitial deletions 
of around 10 Mb. It can be expected, that higher 
resolutions will be achieved, for example when 
using preparations of more elongated chromo- 
somes (see above). 

Analysis of solid tumors by CGH is often lim- 
ited by very small amounts of tumor tissue avail- 
able. Representative amplification of small 
amounts of DNA by universal PCR techniques 
(see above) might help to overcome this difficulty. 
A recent study defines the parameters needed for 
a successful application of DOP-PCR in combi- 
nation with CGH (Speicher et aL, in preparation). 

Cytogenetic analysis of many tumors has been 
hampered by the fact, that metaphase chromo- 
somes could not be prepared, or that stimulation 
of tumor cells in culture may affect chromosomal 
stability. These problems are circumvented by 
CGH, since it only requires DNA prepared from 
a given tissue sample. Therefore, this approach 
can be considered as major breakthrough for 
tumor cytogenetics greatly increasing the poten- 
tial of the FISH techniques. Although it does not 
allow to detect balanced translocations or very 
small imbalances, it provides a powerful tool for a 
first screening of tumor material with unknown 
chromosomal aberrations obviating the need of 
testing large numbers of probes for single loci. 
This screening will provide information about the 
genomic sequences to be further analyzed by 
means of, e.g., interphase cytogenetics, Southern 
blot analysis, PCR amplifications, etc., in order to 
allow diagnosis at the molecular level or to un- 
ravel new genomic regions critical for tumor de- 
velopment or progression. 
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In situ hybridization is a technique to determine and localize target nucleic acids 
in morphologically preserved tissue sections. Recent advances in methods have 
greatly increased the sensitivity of the technique, and it is currently possible to 
detect extremely few copies of any given target sequence with nonisotopic methods 
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erations, and guidelines for usage for this important component of molecular 
diagnosis. 
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Molecular pathologists are faced with many 
choices in selecting the best means to measure a 
given analyte. The choice goes beyond simple tech- 
nical considerations of whether it is better to mea- 
sure DNA or RNA; whether quantitation is re- 
quired; whether such structural changes as point 
mutations, deletions, polymorphisms, rearrange- 
ments, or translocations must be assessed; and, 
finally, whether the molecular information must be 
integrated with additional data concerning the an- 
atomic localization or distribution of the analyte. 
The purpose of this review is to describe our expe- 
rience with in situ hybridization techniques and to 
provide guidance to when in situ hybridization may 
prove to be the method of choice. 

In situ hybridization is a technique to visualize spe- 
cific nucleic acid sequences in tissue sections. Cur- 
rently, in situ hybridization is used to diagnose infec- 
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tious diseases and assess neoplastic disorders [1,2]. 
Unlike polymerase chain reaction (PCR)-based or 
filter hybridization techniques, in situ hybridization 
allows visualization of analyte sequences in morpho- 
logically preserved tissue sectionSuThe importance of 
direct visualization can be quite significant. For ex- 
ample, localization of Epstein-Barr virus (EBV) to 
neoplastic Reed-Sternberg cells in Hodgkin's disease 
provides an important marker for Reed-Sternberg 
cells, as well as an increased understanding of the 
pathogenesis of Hodgkin's disease. Localization to 
specific siibpopulations of cells is not possible with 
filter hybridization techniques or routine solution- 
based PCR assays using nucleic acids obtained by tis- 
sue disruption as the starting template unless labori- 
ous cell-separation procedures are used. 

In the. past, nonisotopic in situ hybridization tech- 
niques showed a general lack of sensitivity. Isotopic 
methods, although more sensitive, required long ex- 
posure times, as well as the cumbersome use of ra- 
dioactivity. Sensitivity has improved remarkably in 
recent years because of improved probe labeling 
methods and vastly superior label detection proto- 
cols that amplify signal using biotinyl tyramide or 
DNA polymer-based techniques/In general, in situ 
hybridization detects a threshold of 20 to 50 copies 



169 



1 70 Molecular Diagnosis Vol. 4 1Mb. 3 September 1 999 



of a target sequence per cell [3-6], but sensitivity 
can be further improved by more sensitive means of 
detection, such astyramide-catalyzed signal amplifi- 
cation, discussed later in this review. 

Technical Considerations 

System Selection 

In situ hybridization can be performed using ei- 
ther isotopic or nonisotopic systems. Although ra- 
dioisotopes offer the highest sensitivity and, partic- 
ularly with tritium, the highest resolution, they are 
far less convenient to use than nonisotopic labels. 
Radioisotopes require special licensing and facili- 
ties. Moreover, radioactive probes must be visual- 
ized by an autoradiographic process that must be 
performed in absolute darkness, usually without a 
safety light. Once coated with autoradiographic 
emulsion, exposures of up to several weeks can be re- 
quired. Finally, after processing, the results must be 
carefully interpreted because of the potential for 
background radiation or organic chemicals to precip- 
itate background silver grains. In contrast, non- 
isotopic labels are rapid and convenient, at the ex- 
pense of some degree of sensitivity and resolution. 
The relative advantages and disadvantages of each 
system are summarized in Table 1. Because noniso- 
topic systems avoid the disadvantages of radiation 
use, they are generally preferred unless extreme sen- 
sitivity or quantitation is required. Further discus- 
sion in this review focuses on nonisotopic systems. 

Fixation and Sectioning 

Either formalin-fixed paraffin-embedded sec- 
tions or frozen sections can be used. Fixation is an 



extremely critical step in obtaining good results. 
Underfixation results in loss of hybridization signal 
and disrupts tissue morphology as the section goes 
through the steps of an in situ hybridization proto- 
col. Immediate fixation after removal is critical to 
preserve RI^A in a tissue. For optimal fixation, 
immediately immerse a freshly cut 3- to 4-mm tissue 
slice in 5 to 10 volumes of 10% neutral buffered 
formalin for 16 to 24 hours, then embed it in paraf- 
fin. Prolonged fixation over 3 to 4 days will unpre- 
dictably decrease signal intensity. Paraformalde- 
hyde, 4%, in 0.01 M phosphate-buffered solution, 
pH 7.4, can also be used as a fixative in place of 
10% neutral buffered formalin. The paraformalde- 
hyde solution may be prepared fresh or can be 
stored at 4°C for about 2 weeks. Prolonged storage 
will result in the formation of formic acid, resulting 
in inadequate fixation. 

Formaldehyde, which cross-links, is the fixative 
of choice for in situ hybridization [7-9]. Extensive 
cross-linking produced by other fixatives, such as 
glutaraldehyde, generally results in decreased hy- 
bridization signals. Fixatives containing heavy metals 
or picric acid, such as Zenker's or Bouin's solution, 
are also generally not suitable for this technique 
[10]. We successfully analyzed EBV on B5-fixed 
bone marrow sections, although the final signal in- 
tensity was somewhat weaker than tissues similarly 
fixed in formalin. Tissues snap frozen in liquid nitro- 
gen and stored at -80°C can be sectioned at 5-|xm 
thickness and fixed in ice-cold acetone or 95% etha- 
nol for 30 minutes before in situ hybridization. Fro- 
zen sections yield suboptimal morphology and are 
generally not recommended for in situ hybridization. 

AH sections should be placed on organosilane- 
or poly-L-lysine-coated glass slides. This ensures 



Table 1. System Choice, Isotopic Versus Nonisotopic 



Advantages 



Disadvantages 



Isotopic, e.g., 35 S, 3 H, 
3*P labels 



Nonisotopic, e.g., biotin 
digoxigenin, FITC, 
dinitrophenyl, alkaline 
phosphatase labels 



High sensitivity, easy detection, efficiency of 
probe labeling can be estimated easily by 
counting, can be used for quantitation by 
grain counts ( 35 S) 



Good sensitivity, no radioactive exposure, long 
half lives of the probes, easier quality control 
and reproducible labeling efficiency, good 
cellular resolution and morphology, 
permanent color retention, no disposal issues 



Additional equipment for radioactive use, 
radiation exposure, variable exposure times, 
and resolution depending on label, relatively 
short half-lives of the labels needing 
repeated labeling and quality control 
protocols, batch to batch variability in 
labeling efficiency, disposal issues 

Difficulty in detecting extremely low copy 
sequences, background problems with 
tissues endogenousiy rich in the label moiety 
(biotin), additional detection steps^ exact 
quantitation of target template difCicult 
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adequate adherence of the section and prevents 
sections from falling off during subsequent pro- 
^ssing. For RNA in situ hybridization, gloves 
should be worn while sectioning the blocks, and a 
h^w clean microtome blade must be used to reduce 
potential RNase contamination. RNA is adequately 
preserved in formalin-fixed and paraffin-embedded 
tissue sections, but becomes increasingly suscep- 
tible to ubiquitous RNases after protease treat- 
ment and antigen-retrieval methods. Paraffin- 
embedded sections are deparaffinized in xylene and 
hyclrated in a graded series of ethanol per usual 
histological practice. 

Target Retrieval 

Nucleic acids must be unmasked before formalin- 
fixed tissue sections can be hybridized with the 
probe. Unmasking is not generally necessary for 
frozen sections. Proteinase K, pepsin, trypsin, and 
pronase E are some of the common proteases used 
to unmask nucleic acids. Protease digestion is a 
critical step; under- or overdigestion can greatly af- 
fect both signal intensity and morphology. Gener- 
ally, a good starting procedure is to digest deparaf- 
finized sections for 15 to 30 minutes at 37°C in 10 
jxg/mL proteinase K in 50 mM TrisHCl, pH 7.5. 
The digestion time depends on tissue type and 
whether a slide warmer or water bath is used. The 
concentration of enzyme and duration of digestion 
should be adjusted empirically depending on tissue 
type and duration of fixation. Longer fixation times 
in formalin require longer protease digestions. If a 
slide warmer is used, it is preferable to reduce the 
digestion duration. Temperature control is an im- 
portant consideration. Care must be taken not to 
reduce the digestion temperature inadvertently; 
otherwise, increased background and unaccept- 
able variation within and among specimens might 
result. For digestion in a water bath, fill a Coplin jar 
with buffer warmed to 37°C in a water bath and 
add the required amount of enzyme (e.g., a pro- 
teinase K stock at 20 mg/mL), then plunge the 
slides into the Coplin jar. Note that introduction of 
the slides will reduce the temperature of the solu- 
tion; therefore, insert a thermometer into the diges- 
tion solution and time the duration of digestion 
only after the solution reaches 37°C. Digestion is 
generally stopped by washing the slides exten- 
sively in a buffer, such as Tris-buffered saUne (100 
mM TrisHCl, pH 7.5; 150 mM NaCl). For pepsin di- 



gestion, a good starting procedure is to digest the 
sections in 0.1% (w/v) pepsin in 0.01 N HC1 (pH 
-2.0) at 37°C for 15 to 30 minutes, Pepsin digestion 
can simply be stopped by washing the slides inTris- 
buffered saline (TBS) or phosphate-buffered saline 
(PBS) at pH 7.5. Enzymatic unmasking is sufficient 
for routine applications, but is generally not ade- 
quate if extremely high sensitivity is required, such 
as with single-copy detection of human papilloma 
virus (HPV) 16. In these situations, heat-induced 
retrieval is necessary, akin to antigen retrieval in 
immunohistochemistry. For HPV analysis, we steam 
deparaffinized sections by the capillary gap method 
in 0.01 M citrate buffer, pH 6.0, at 95°C for 20 min- 
utes and let the sections cool to room temperature 
in citrate buffer for an additional 20 minutes. This 
method opposes two slides, leaving a gap of ap- 
proximately 70 to 100 jxm between them. Vertical 
immersion of the two slides permits the citrate 
buffer to rise through capillary action and bathe 
the sections. Steaming by the capillary gap method 
is a more uniform and controllable method of tar- 
get retrieval in comparison to microwave retrieval 
methods. After heat-induced unmasking, the sec- 
tions are treated with 5 jig/mL proteinase K at 
room temperature in 50 mM TrisHCl, pH 7.5, for 5 
minutes and then washed extensively in buffer. 
Although the exact mechanism by which heat 
treatment works is unknown, the heat is likely to 
denature proteins, increase exposure of potential 
protease cleavage sites, and, after the ensuing pro- 
tease digestion, render the nucleic acids more acces- 
sible to the labeled probes. 

In situ Hybridization Probes 

Whether isotopic or nonisotopic, all in situ hy- 
bridization analyses use one of three distinct types 
of probes. Each probe type possesses distinct ad- 
vantages and disadvantages, which requires careful 
consideration of the analytic goals to match the in- 
tended use with the most appropriate probe type. 
For example, oligonucleotide probes are often the 
most specific and may be the only means of differ- 
entiating single base changes. The tradeoff, how- 
ever, is that at the same time, oligonucleotide 
probes are the least sensitive because their short, 
defined length limits the absolute amount of label 
that can be incorporated, and the short length also 
diminishes the stability of the hybridized probe- 
target complex. Similarly, double-stranded DNA 
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probes are more easily prepared and less prone to 
degradation, but at the same time may be less sen- 
sitive because of re-annealing of the probe strands. 
Moreover, labeling by nick translation or random 
priming produces a distribution of probe lengths, 
rather than a single defined length. The properties, 
advantages, and disadvantages of each probe spe- 
cies are described in Table 2. 

In general, DNA or RNA probes routinely used 
for in situ hybridization should be less than 400 bp 
in length to facilitate tissue penetration. Short oli- 
gonucleotides (15 to 40 nucleotides) can also be 
used as probes, but it is difficult to amplify the sig- 
nal sufficiently for detection given the relatively 
low amount of label in any individual oligonucle- 
otide. Oligonucleotides pose additional problems 
from a kinetic standpoint. Because relatively few 
bases are engaged in hydrogen bonding to stabilize 
the hybridized complex, oligonucleotides may more 
quickly and readily dissociate during processing 
than would larger probes, spuriously decreasing 
signal Both enzymatic and direct chemical cou- 
pling reactions can be used to label oligonucle- 
otides Short oligonucleotides in general are la- 
beled by tailing the 3' end with a series of bases 
bearing biotin, digoxigenin, or 2,4-dinitrophenyl. 
In one study, 2,4-dinitrophenyl-labeled oligonu-. 
cleotides yielded the strongest signals [11]. Probes 
should target unique sequence regions in the target 



DNA or RNA. Such computer programs as Oligo 
5.0 (Molecular Biology Insights, Inc., Cascade, 
CO) are very useful for identifying suitable regions 
to target in a given sequence and ruling out hybrid- 
ization to repetitive sequences or other known se- 
quences in such databases as GenBank. 

Probe lehgth may influence the quality of the re- 
sults. Longer probes offer the advantage of increased 
signal amplification because of a greater number of 
labeled nucleotides and slower rates of dissocia- 
tion owing to the larger number of residues en- 
gaged in hydrogen bonding. Longer probes offer 
several methodological approaches to labeling, in- 
cluding nick translation, random priming, and 
PCR. The first step is to clone the sequence to be 
used as a probe into one of the several available 
vectors. TA vectors (Invitrogen, Carlsbad, CA) of- 
fer the best choices because of the ease of cloning 
PCR products. Taq polymerase adds a template- 
independent A residue at the 3' ends of both the 
strands of a PCR product. The TA vectors are sup- 
plied linearized in the multiple cloning region, with 
a T overhang at the 5' ends of both strands. If the 
vector and PCR product are mixed in an optimum 
ratio in the presence of DNA ligase, an efficient li- 
gation can be expected in this system. TA vectors 
are multifunctional. The insert in the vector can be 
sequenced using standard Ml 3 forward and re- 
verse primers. Also, TA vectors generally possess 



Table 2. Types of Probes 



Advantages 



Disadvantages 



ds cDNA probes Stable; easily labeled by random priming, nick 
translation or by PCR; high specific activity; 
increased detection sensitivity due to higher 
number of label moieties; RNase activity 
not a consideration 



ss RNA probes Defined length; single-stranded, high specific 
activity; easily synthesized and labeled by in 
vitro transcription; greater stability of 
RNA:RNA hybrids and hence high 
specificity of hybridization because more 
stringent washing can be used; being 
single-stranded (antisense), entire amount of 
probe is available for hybridization to the target 

Oligonucleotide Defined length; single-stranded, easily synthesized 
probes on an automated synthesizer; excellent tissue 

penetration; great specificity allows differentiation 
between very closely related but distinct sequences 



Need to subclone sequence into vector requiring 
molecular biology facilities; can self-anneal reducing 
hybridization efficiency to target even after an initial 
denaturation step; only one strand (antisense) is 
available for hybridization to mRNA; tissue penetration 
problems if longer probes are used; vector sequences 
can produce nonspecific hybridization 
Molecular biology facilities needed; susceptibility to 
degradation by ubiquitous RNase contamination; 
measures to control and minimize RNase activity 
required; more "sticky" than ds DNA probes and 
hence increased backgrounds; tissue penetration 
problems if longer probes are used 



Prior complete sequence information needed; detection 
sensitivity lower due to lesser number of label moieties; 
less stable hybrids due to short length of hybrid, hence 
very stringent wash conditions decrease final signal 
intensity 



ds cDNA, double-stranded complementary DNA; ssRNA, single-stranded RNA 
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T7 and Sp6 RNA polymerase promoter sequences 
on either side of the insert, facilitating single- 
stranded RNA probe generation. Once the orien- 
tation of the insert is determined, these RNA pro- 
moters can be used to generate sense and antisense 
RNA probes with an appropriate in vitro transcrip- 
tion system. Recently, TA vectors using attached 
topoisomerase II to catalyze ligation have become 
available (Invitrogen). Topoisomerase-activated 
vectors do not require DNA ligase. In our experi- 
ence, PCR products with an A overhang ligate very 
efficiently into such vectors. 

Long double-stranded DNA probes are gener- 
ally labeled with biotin, digoxigenin, or fluorescein 
isothiocyanate (FITC). The label moiety is co- 
valently linked to dUTP in commercially available 
labeling mixes. DNA probes can be end-labeled if 
the 5' ends of one or both PCR primers used for 
probe synthesis are labeled, or they can be inter- 
nally labeled by PCR. Labeling the probe inter- 
nally is preferred because a greater number of 
label molecules are incorporated into the probe. A 
molar ratio of 1:3 of biotin or digoxigenin dUTP to 
dTTP in the PCR reaction generally gives good 
labeling. 

Labeled single-stranded RNA probes can be 
generated by in vitro transcription. The probe se- 
quence is subcloned into a vector suitable for tran- 
scription of the insert from RNA polymerase pro- 
moters. Linearized vector is used as a template and 
1 |xg of the template generates about 10 ^g of la- 
beled single-stranded RNA probe by in vitro trans- 
cription. Several in vitro transcription systems are 
commercially available (Roche Molecular Bio- 
chemicals, Indianapolis, IN; Life Technologies, 
Gaithersburg, MD). The advantage of RNA probes 
is that they are of defined length. 

After probe labeling or in vitro transcription re- 
actions, unincorporated labeled nucleotides are 
removed by ethanol precipitation or column-based 
methods. Excellent column-based methods are avail- 
able for probe cleanup (Qiagen, Valencia, CA; 
Roche Molecular Biochemicals). RNA probes dis- 
solved in RNase-free water and stored at -80°C 
are stable for at least 2 to 3 years. DNA probes are 
dissolved in 10 mM TrisCl, pH 8.0, and stored at 
-20°C. Probes can also be diluted in hybridization 
solution and stored at -20°C. 

Before use, the efficiency of probe labeling 
. needs to be checked. This can be done by spotting 
a dilution series of the probe alongside known 



standards on a membrane and using an appropri- 
ate detection system. For example, with digoxigenin- 
labeled probes, one can spot a dilution series of the 
probe on a nylon membrane, fix the nucleic acid at 
80°C for 1 hour, incubate the membrane in anti- 
digoxigenin-AP conjugate, and visualize the signal 
colorimetricallj with nitroblue tetrazolium/5-bromo- 
4-chloro-3-indolylphosphate (NBT/BCIP) (Roche 
Molecular Biochemicals). Labeled control stan- 
dards supplied with the kit are visually compared in 
intensity with the experimental dilution series. 

Hybridization Parameters 

Hybridization of the labeled probe to the nucleic 
acid target in the tissue section must be performed 
at a reasonably high stringency to ensure specific- 
ity. The T m is defined as the temperature at which 
half of the probe-target hybrids are dissociated. As 
with any hybridization, the T m is affected by salt 
concentration, temperature, formamide, GC con- 
tent, and probe length. For DNA probes, hybrid- 
ization is generally performed at 20°C to 25°C less 
than the calculated T m of the hybrid; the T ra will 
vary with the conditions previously noted, so the 
hybridization should be performed under the same 
conditions under which the T m was estimated or 
measured. A general formula [12-15] to calculate 
theT m for DNA probes greater than 50 nucleotides 
is the following (note all temperatures in this and 
following formulas are in degrees Celsius: 

T m = 81.5 + 16.6 (log Na+) + 0.41 (%GC) - 
0.61 (% formamide) - 500/length of probe 

For short deoxyoligonucleotides between 14 to 
20 bp [1 3,14,16], the T d , which is the temperature at 
which 50%. of the short duplexes dissociate when 
hybridization is performed under standard condi- 
tions (0,9 M NaCl), is used to estimate a hybridiza- 
tion temperature. Hybridization is generally per- 
formed at 10°C to 15°C less than the calculated T d . 

T d = 4 (sum of G .+ C) + 2 (sum of A + T) 

For RNA probes hybridizing to RNA templates, 

the following formula has been used to calculate 

theT m [13,14,17]: 

T m = 79.8 + 18.5 (log NA + ) + 0.58 (%GC) + 
11.8 (%GC) 2 - 0.35 (% formamide) - 
820/length of probe 

The stability of the hybrids in decreasing order is 
RNA.RNA, RNA:DNA, DNAiDNA. Hence RNA: 
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RNA hybrids would require higher stringency con- 
ditions. It is therefore recommended that hybrid- 
ization be performed at a temperature 15°C to 
20°C less than the calculated T m when RNA probes 
are used for in situ hybridization. 

For DNA:RNA hybrids, the formula to calculate 
the T m is [13,14,18]: 

T m = 79.8 + 18.5 (log Na+) + 0.58 (%GC) + 
11.8 (%GC)2 - 0.5 (% formamide) - 
820/length of probe 

As with DNA:DNA hybrids, hybridization is gen- 
erally performed at 20°C to 25°C less than the T m . 

The T m of a double-stranded DNA duplex de- 
creases by 1-C to 1.5°C with every 1% decrease in 
homology for duplexes longer than 100 bp [13,14]. 
For hybrids shorter than 20 bp, the T m decreases by 
approximately 5°C for every mismatched base pair 
[13,16]. 

The stability of duplexes is affected by such or- 
ganic solvents as formamide. Every 1% increase in 
the formamide concentration reduces the T m by 
0.6°C for a DNA:DNA hybrid. Formamide not 
only reduces the hybridization temperature, but 
also tends to reduce background of in situ hybrid- 
ization protocols with RNA probes. Formamide is 
an organic solvent in which DNA or RNA can be 
denatured or renatured [19]. Such macromolecules 
as nucleic acids exist in a helical conformation that 
has a high degree of intramolecular, hydrogen 
bonding to maintain a formal secondary structure 
[20]. Such organic solvents as formamide and di- 
methylsulfoxide (DMSO) cause loss of intra- and 
intermodular hydrogen bonding with consequent 
denaturation and disruption of secondary struc- 
ture [21]. The net effect is that organic solvents can 
be used to perform reactions at lower and more 
convenient temperatures. 

Increasing salt concentration or decreasing tem- 
perature favors hybridization, whereas decreasing 
salt concentration or increasing temperature de- 
stabilizes the duplexes. As with any hybridization 
reaction, the repulsive forces of the negatively 
charged phosphodiester backbones of nucleic ac- 
ids are progressively -exposed as the salt concentra- 
tion with its potential for charge neutralization is 
lowered; at high stringency, only the stabilizing 
forces of a perfect or near-perfect probe match can 
counteract these repulsive forces. 

Dextran sulfate (5% to 10%) is ' frequently 
added to the hybridization solution. This results in 



an increase in the relative concentration of the ; 
probe because of the water-binding properties oil 
dextran sulfate and thereby enhances the rate of hy^ 
bridization. Dextran sulfate also increases the v\sH 
cosity of the hybridization solution, thereby de- 
creasing. th& rate at which probe can diffuse away ! 
from its target sequences. Denatured salmon sperm;; 
DNA saturates sites in which labeled probe could " 
bind nonspecifically and is thus used in hybridiza^ 
tion solutions as a blocking agent. Another block^ 
ing solution is Denhardt's solution, which at 50 X 
concentration consists of 5 g Ficoll type 400, 5 g 
polyvinylpyrrolidone, and 5 g bovine serum albu- 
min, Pentex fraction V [14]. For RNA in situ hy- 
bridization, it is critical that the bovine albumin ifi 
Denhardt's solution be free of RNase. 

An empirical starting hybridization solution 
would contain 30% to 50% formamide, 4x sodium 
chloride/sodium citrate buffer (SSC),0.l% sodium 
dodecyl sulfate (SDS), 5% dextran sulfate, 2x 
Denhardt's solution, and 400 jxg/mL denatured 
salmon sperm DNA. Probe concentrations in the 
hybridization mix generally range from 1 to 10 ng/ 
jjlL for long probes and 0.5 to 2 |xg/fxL or 2 to 10 
pmol/jxL for short oligonucleotide probes. Hybrid- 
ization times range from about 2 hours to 16 to 18 
hours. When optimizing a protocol, it is preferable 
to hybridize for 16 to 18 hours and then decrease 
the time as necessary; otherwise, it is possible to 
miss an unoptimized positive result. Hybridization 
rate is not a factor when overnight incubations are 
used to allow the reaction to approach equilibrium. 
Precise timing is difficult to achieve in laboratories 
processing many slides. It is therefore advantageous 
to allow probes to approach equilibrium through 
the use of long hybridization times when perform- 
ing in situ analyses. The rate of hybridization is prin- 
cipally influenced by probe length, which affects 
both the rate of hybridization and the melting tem- 
perature, and probe concentration, with more time 
required at lower probe concentrations. 

Probes are generally added in about 10 to 20 |xL 
hybridization solution per section. For double- 
stranded DNA probes, after the hybridization so- 
lution is applied and the section is coverslipped 
without air bubbles, the slide should be denatured 
at 95°C for 5 minutes before incubation at the hy- 
bridization temperature. Evaporation is not a 
problem in coverslipped slides during the short du- 
ration of the incubation. For RNA probes, it is suffi- 
cient to denature at 65°C to 75°C to release the sec- 



ondary structures in the target RNA or the probe and 
then place the slides at the hybridization tempera- 
ture. This denaturation step is best performed on a 
slide warmer with a surface temperature that can be 
accurately adjusted with a surface thermometer. 

There are several important considerations in 
selecting hybridization conditions. Prehybridiza- 
tion using hybridization solution without probe is 
generally not necessary in the absence of persistent 
high backgrounds, in which prehybridization tends 
to reduce background. RNA probes are generally 
more "sticky" than DNA probes; immersing the 
sections in freshly prepared 0.1 M triethanolamine 
buffer, pH 8.0, containing 0.25% acetic anhydride 
for 10 minutes at room temperature before hybrid- 
ization tends to decrease nonspecific probe stick- 
ing because the negative charges on the slide are 
partially neutralized by this solution [22], Also, tis- 
sue backgrounds caused by nonspecific binding of 
unhybridized RNA probes can be abolished by a 
brief treatment of the section with RNase A after 
hybridization. RNase A preferentially cleaves 
single-stranded RNA in a buffer containing greater 
than 300 mM Na + [22]. Treat the sections with 40 pig/ 
mL RNase A in 2X SSC at 37°C for 15 to 30 minutes 
and wash extensively in buffer. Hybridization must 
be performed in a humidified box to maintain the 
concentrations of all solutions at their proper levels. 

Posthybridization Washes 

The specificity of the final detection is deter- 
mined by the posthybridization washes. The de- 
gree of stringency needed depends on whether 
only perfectly matched duplexes should survive 
the wash or some degree of imperfect matches 
should be tolerated, such as when probing for 
closely related gene family members. The stringency 
of hybridization can be adjusted by posthybridiza- 
tion washing in low-salt buffer at a temperature 
greater than that of the hybridization tempera- 
ture. During optimization, a series of salt concen- 
trations and temperatures should be systematically 
tested using the calculated T m as a starting point. 
After optimization, it is preferable to wash the sec- 
tions in the highest stringency wash and not in- 
crease the stringency in stepwise fashion, which 
will result in somewhat diminished signal. The 
highest stringency wash should generally be about 
8°C to 10°C less than the calculated T m for the salt 
concentration of the given stringency wash. In gen- 
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eral, 0.2X SSC gives sufficient stringency for longer 
probes of 50% GC content, depending on the tem- 
perature used. For short oligonucleotide probes, 
IX SSC might achieve the same results at the iden- 
tical temperature. After the stringency wash solu- 
tion has beep preheated to the desired tempera- 
ture, the slides are immersed in it. It is very 
important to insert a thermometer into the solu- 
tion and time the duration of wash only after the 
solution containing the slides reaches the desired 
temperature. Long probes have a wide window 
between the probe-target binding T m and the 
probe-nonspecific binding T m . However, for oligo- 
nucleotide probes, this window can be very narrow 
unless PCR is combined with in situ hybridization. 

Detection 

The choice of detection system depends on the la- 
bel incorporated into the probe and the desired sen- 
sitivity. Biotin-peroxidase, antidigoxigenin-alkaline 
phosphatase, and anti-FITC-alkaline phosphatase 
systems are used with either biotinylated probes or 
probes labeled with digoxigenin or FITC Recently, 
the catalyzed signal amplification technique [23,24] 
(Dako GenPoint Kit;Dako Corporation, Carpinte- 
ria, CA) has allowed routine increase of the sensi- 
tivity of HPV detection by in situ hybridization to 
detect a single integrated copy in SiHa cells. After 
heat-induced unmasking and a brief proteinase K 
digestion, sections are hybridized to a proprietary 
(the length and GC content are not disclosed) type- 
specific HPV biotinylated probe (Dako Corpora- 
tion) overnight at 37°C, followed by a stringency 
wash in 0.2X SSC at 52°C for 15 minutes. The site £>f 
hybridization is detected by a catalyzed signal am- 
plification system that consists of sequential applica- 
tion of a primary streptavidin-peroxidase complex, 
biotinyl tyramide, and a secondary streptavidin- 
peroxidase complex. The streptavidin of the pri- 
mary complex binds biotin on the hybridized probe, 
and the peroxidase of the primary complex oxidizes 
the tyramide of the biotinyl tyramide complex. Ox- 
idized tryamide reacts with the aromatic groups of 
certain amino acids in the vicinity of the hybrid, and 
this results in the deposition of more biotin at the 
site of hybridization. The secondary streptavidin- 
peroxidase complex binds additional biotin depos- 
ited at the hybridization site. The peroxidase of the 
secondary complex then generates the brown reac- 
tion product with the chromagen,diaminobenzidine 
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(DAB), in the presence of H 2 0 2 as substrate. Thus, 
brown color indicates the site of HPV sequences in 
the cells. We found the following conditions to be a 
useful starting point for detection optimization with 
the Dako GenPoint Kit, with all steps performed at 
room temperature in a humidified box: 

1. Primary streptavidin: 1:100 dilution, 15 minutes 

2. Wash in buffer (TBS-T [Tris-buffered saline 
containing 0.05% Tween 20]): 3X5 minutes 

3. Biotinyl tyramide: 15 minutes 

4. Wash in buffer (TBS-T): 3 X 5 minutes 

5. Secondary streptavidin: 15 minutes 

6. Wash in buffer (TBS-T): 3x5 minutes 

Multiple cycles of detection amplification can be 
used if necessary, by repeating steps 1 through 4. 
However, if multiple cycles are used, nonspecific 
background tends to increase. To minimize this, the 
primary streptavidin has to be diluted to 1:1,000 to 
1:5,000 to the empiric endpoint at which background 
is reduced while retaining adequate signal. We no- 
ticed background levels to be problematic, even with 
1:5,000 dilution of the primary streptavidin. The 
Dako GenPoint kit has a working solution of biotinyl 
tyramide and secondary streptavidin; hence, optimi- 
zation at this step has to be performed with primary 
streptavidin dilutions, if possible. Section drying is a 
significant cause of increased backgrounds. At no 
time should the sections be allowed to dry. It is ad- 
visable to suction fluids off the slide and immedi- 
ately add the next reagent. Finally, color develop- 
ment is achieved with DAB. With intense signal 
amplification, color development occurs within sec- 
onds, and the investigator must be prepared to stop 
the reaction immediately if necessary It is always ad- 
visable to monitor the color development under a mi- 
croscope. Figure 1A-F illustrates the results of HPV 
analysis with biotinylated DNA probes (Dako Cor- 
poration) followed by a single round of catalyzed sig- 
nal amplification detection. Note that 1 to 2 copies of 
HPV16 are detectable in SiHa cells. Hie biotinyl 
tyramide-catalyzed signal amplification technique 
can also be used with digoxigenin probes by using 
antidigoxigenin conjugated to peroxidase in step 1 of 
the first cycle in the protocol previously mentioned. 

For digoxigenin- or FITC-labeled probes, sections 
are incubated in a conjugate of antidigoxigenin- 
alkaline phosphatase or anti-FITC-alkaline phos- 
phatase (Roche Molecular Biochemicals; 1:500 di- 
lution) for 1 hour and washed in TBS-T (Sigma 
Chemical Co., St. Louis, MO). Subsequently, it is 



important to saturate the sections with Tris-buffered 
saline, pH 9.5 (100 mM TrisHCl, pH 9.5; 100 mM 
NaCl), for 5 minutes to activate the alkaline phos- 
phatase. This step greatly decreases nonspecific 
background. The color substrate solution (NBT/ 
BCIP; Roche Molecular Biochemicals) is generally 
prepared in a buffer containing 100 mM TrisHCl, 
pH 9.5, 100 mM NaCl, and 50 mM MgCl 2 . MgCl^ 
hastens the color development. Color development 
is slower than in peroxidase-DAB-based systems, 
but incubation in the substrate solution can be per- 
formed for very long periods of time with minimal 
increases in background. In our experience, ade- 
quate color develops in 2 to 3 hours. The blue pre- 
cipitate of NBT from Roche Molecular Biochemi- 
cals or Novocastra (Novocastra Laboratories, Inc., 
Newcastle-upon-Tyne, UK) is generally incompati- 
ble with organic solvents; Hence, slides processed by 
this method are coverslipped with aqueous mount- 
ing media (GlycerGel; Dako Corporation). 

Levamisole is added to the color substrate solu- 
tion to inhibit endogenous intestinal alkaline phos- 
phatase activity. We found detection systems from 
Roche Molecular Biochemicals (Indianapolis, IN) 
and Novocastra to be very useful. Figure 2A, B illus- 
trates the results of in situ hybridization analysis for 
EBV and cytomegalovirus (CMV) with FITC- 
labeled RNA probes followed by detection with 
anti-FITC-alkaline phosphatase conjugate and NBT/ 
X-phosphate. Figure 2C shows the results of RNA 
in situ hybridization for the pp32-related tran- 
scripts in human prostatic adenocarcinoma using 
digoxigenin-labeled RNA probes and an immuno- 
alkaline phosphatase-based detection system [25]. 

Washing Buffers 

TBS-T is our buffer of choice for washing sliders 
after hybridization and during the detection steps. 
Slides have to be washed in sufficient buffer with 
shaking. Adequate washing in TBS-T is very criti- 
cal to reduce background staining when catalyzed 
signal amplification is used. Most Tris buffers are 
available commercially (Sigma Chemical Co.). 

Counterstain 

We routinely use hematoxylin to counterstain 
the sections. Counterstaining with hematoxylin 
greatly aids morphological interpretation in com- 
parison to neutral fast red or methyl green. The 
brown color of the DAB-peroxidase reaction and the 
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Fie L DNA jjfti hybridization analysis with biotinylated probes and catalyzed signal amplification detection. (A) Caski cells, 
HPV 16; (B) HeLa cells, HPV 18; (C) SiHa cells, HPV 16; (D) condyloma, HPV 6/11; (E) squamous carcinoma, cerv.x, HPV 16; 
(F) squamous intraepithelial lesion, cervix, HPV 1 8. 



dark blue precipitate of the alkaline phosphatase- 
NBT/BCIP reaction contrast very well with the 
light blue color of hematoxylin. 

Other Considerations 

Distilled deionized water (specific resistance of 
at least 18 megft/cm) is recommended for all steps. 
For RNA in situ hybridization, special precautions 



have to be taken to minimize RNase contamina- 
tion. It is preferable to dedicate separate glassware 
and reagents solely for RNA work. RNase activity 
can be reduced by treating water with diethylpyro- 
carbonate (DEPC) (0.1% v/v) followed by auto- 
claving to remove DEPC. In general, we found 
distilled deionized water of the type previously 
mentioned is sufficiently adequate for RNA in situ 
hybridization without further treatment. Unopened 
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Fig. 2. RNA in situ hybridization analysis with FITC- or 
digoxigenin-labeled riboprobes and immuno-alkaline phos- 
phatase detection. (A) Lymph node, EBV (EBER-1); (B) 
lung, CMV; (C) prostatic carcinoma, pp32-related transcripts. 



sterile plasticware is generally considered RNase 
free. Gloves should be worn at all times because the 
major source of RNase contamination is from the 
hands of the person doing the test. 



bridization signal Preferably, the negative control 
should be a section known to be negative for the 
particular target sequence in question. It is prefer- 
able to use probes against housekeeping genes or 
poly-dT probes to check for general preservation 
of DNA or^RNA in tissue sections. Poly-dT probes 
are more specific for mRNA because they princi- 
pally associate with the poly A tail. Intact tissue 
will yield a strong signal, whereas degraded nucleic 
acids will yield poor and smudged signals. It should 
be remembered, however, that absence of a signal 
using these probes does not necessarily preclude 
detection of a specific target sequence [IJ.This may 
relate to differences in stability of the various se- 
quences determined in part by secondary structure 
or protein binding. During optimization for in situ 
hybridization with RNA probes, we hybridize se- 
rial sections from the same block with the anti- 
sense and sense RNA probes. The sense probe can 
serve as a negative control. However, if regions of 
the sense probe are complementary to some other 
RNA molecule, a signal will be obtained. This sig- 
nal will behave in the same manner as the signal 
from the antisense probe, and the signal to noise 
ratio will not increase with increasing stringency 
washes. In such situations, the overall level of non- 
specific hybridization can be assessed by using 
plasmid probes or probes of random sequence. We 
always pretreat a serial section with RNase A and 
then hybridize it with the antisense riboprobe 
during optimization. If the final signal originates 
by hybridization of the probe to a target RNA, 
then it should disappear with this treatment. The 
labeled probe can also be competed by excess un- 
labeled probe to check specificity of hybridization. 
If hybridization is specific, then a decrease in sig- 
nal intensity should be observed with increasing 
concentration of unlabeled probe. A serial sec- 
tion that passes through all the steps but with the 
probe omitted in the hybridization solution is 
used to assess the level of nonspecific background 
contributed by the detection system. One can 
also digest the section with DNase or RNase be- 
fore hybridization to check for nonspecific bind- 
ing of the probe to non nucleic acid structures in 
the tissue. 



Controls 

Positive and negative controls musrbe used to 
evaluate the specificity and significance of the hy- 



Troubleshooting 

In general, investigators are faced with two com- 
mon problems: lack of hybridization signal or ex- 
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Table 3. Troubleshooting for Lack of Hybridization Signal 



Possible Cause 



Possible Solution 



Inadequate tissue fixation or use of inappropriate 
fixatives such as glutaraldehyde, Zenker's, or 
Bouin's solutions 

Under- or overdigestion with protease 

Poorly labeled or degraded probe 

Inadequate probe concentration 

Inadequate denaturation of the probe and target 

before hybridization 
Hybridization conditions are too stringent 

inadequate duration of hybridization 
High stringency posthybridization wash 

RNase contamination for RNA in situ 
hybridization 

Low copy numbers of the target sequence in the 
section 

Target sequence truly absent in the tissue section 



Fix properly, 10% buffered formalin is preferred 

Adjust enzyme concentration^ buffer and pH conditions, duration and 

temperature of digestion; adjust only one parameter at a time 
Always check integrity of probe and efficiency of probe labeling before use 

by agarose or acrylamide gel electrophoresis 
Increase probe concentration or include dextran sulfate in the hybridization 

solution; use multiple probes along a greater length of the target 
Heat sections at 95°C on a slide warmer for 5 minutes for ds DNA probes 

and 65°C for RNA probes 
Reduce temperature of hybridization; reduce formamide and increase salt 

concentration in the hybridization solution 
Try 16 to 18 hours of hybridization before reducing hybridization time 
Reduce stringency by increasing salt, decreasing temperature and duration 

of the wash accordingly 
Make sure all reagents and labware are RNase free using DEPC treatment 

for compatible buffers and baking of glassware; sterile plasticware is 

usually RNase free, but special sets should be reserved 
Increase sensitivity of the procedure by heat-induced retrieval and/or 

catalyzed signal amplification detection 
Use appropriate positive and negative control tissues or cell lines 

for evaluation 



cessive background levels. Tables 3 and 4 list some 
of the possible causes and solutions. 



Applications 

Applications of In Situ Hybridization 

In situ hybridization is a powerful technique to 
identify target sequences in morphologically pre- 
served tissue sections. Currently, the main applica- 
tions of in situ hybridization are analysis of gene 
expression and detection of infectious agents. Use- 
ful examples of gene expression analysis include 
oncogenes, tumor suppressor genes, growth fac- 
tors, and cell-cycle regulatory elements. Diagnosti- 
cally, this technique can be applied to identify 
mRNA expression in tumors of the endocrine sys- 
tem, especially if the tumor is negative by immuno- 
histochemistry. For example, pituitary adenomas 
can express prolactin mRNA by in situ hybridiza- 
tion, but remain negative by immunohistochem- 
istry [26]. Similarly, gastrin mRNA is readily de- 
tected in Zollinger-Ellison syndrome [27], and 
albumin mRNA has been used to identify tumors 
of hepatocellular origin [28,29], particularly in in- 
determinate metastatic lesions. In many cases, in 



situ hybridization analysis supports the results 
from standard immunohistochemistry, such as in 
medullary carcinomas of the thyroid [30,31], insulin- 
omas [32], and neuroendocrine tumors [33]. mRNA 
expression analysis of light chain restriction can 
complement detection of monoclonality in a lym- 
phoid neoplasm by immunohistochemistry [34]. 
MUC2 gene expression analysis by in situ hybrid- 
ization has been found to be of prognostic value in 
tumors of the pancreas and liver [35]. Integrins in 
ovarian tumors and expression of vascular endothe- 
lial growth factor have been recently studied by in 
situ hybridization [36,37]. If rearrangements in the 
genes occur, resulting in loss of epitopes recog- 
nized by an antibody, in situ hybridization can still 
detect regions of the cognate mRNA, depending 
on the probe target. 

In situ hybridization analysis can be used to 
study a wide range of infections caused by viruses, 
bacteria, fungi, and parasites. Viral infections that 
have been a major focus of analysis by this tech- 
nique include HPV [3-6,38-41], EKV [42-49], 
CMV [50-54], herpes simplex virus [55,56], hepati- 
tis C virus [57,58], and many others. With HPV 
analysis, in situ hybridization detects not only the 
virus, but also the type of virus when appropriate 
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Table 4. Troubleshooting for Excessive Background 



Possible Cause 



Possible Solution 



Inadequate tissue fixation 

Overdigestion with protease 

Probe still contains unincorporated 
labeled nucleotides 

Excessive probe concentration 

Nonspecific binding of RNA probes 

Hybridization conditions not 
sufficiently stringent 

Low stringency posthybrtdization wash 

Excessive duration of hybridization 
Nonspecific probe binding to tissue 

after hybridization 
Inadequate washing between steps 

Excessive amplification at the detection step 
Drying of tissue sections 

Tissue type, endogenous high levels of 
peroxidase, biotin, or alkaline 
phosphatase 

Very high copy numbers of the 
target sequence 

Closely related but not exactly identical 
target sequences present 



Fix properly for at least 16 to 24 hours, 10% neutral buffered formalin 
is preferred 

Adjust enzyme concentration, buffer and pH conditions, duration and 

temperature of digestion accordingly 
Purify probe by ethanol precipitation or column methods 

Decrease probe concentration or exclude dextran sulfate in the 
hybridization solution 

Before hybridization, pretreat sections in 0.1 M triethanolamine buffer, pH 8.0, 
with 0.25% acetic anhydride 

Increase temperature of hybridization; increase formamide and decrease salt 
concentration in the hybridization solution; increase concentration of 
blocking agents 

Increase stringency by decreasing salt and/or increasing temperature and duration 
of the wash accordingly 

Systematically decrease hybridization duration 

For RNA probes, treat sections after hybridization with RNase A to eliminate 
nonspecifically bound single-stranded probe 

Wash in adequate amount of detergent containing buffer with shaking on 
a shaker 

Optimize dilution and duration of incubation with the detection reagents 
Avoid by adequately covering the section with the reagents at each step; always 

incubate in a closed humidified box placed on a level surface 
Select system accordingly; quench in 3% aqueous H 2 0 2 for 20 minutes before 

hybridization; use blockers such as biotin-block (Dako) or levamisole for 

alkaline phosphatase systems 

Increase posthybridization wash stringency to avoid nonspecific 
cross-hybridization with other targets 

Use appropriate labeled oligonucleotide probes instead of longer probes to 
distinguish the related sequences. 



probes are used. Because the oncogenic potential 
of HPV depends on the HPV type, and HPV type- 
specific vaccines may be available in the near fu- 
ture, identifying the type of HPV can be important. 
In situ hybridization may complement PCR-based 
assays, especially in HPV testing. A recent study 
showed that the probability of a sample being posi- 
tive by either method was not statistically different 
[41]. In addition, the same study showed that a sim- 
ilar low percentage (around 8%) of cases analyzed 
were in situ hybridization+/PCR- and PCR+/m 
situ hybridization-. At least half the PCR+/w situ 
hybridization- cases were because the type- 
specific probe was not used in the in situ assay. Ad- 
ditionally, in situ hybridization provided results for 
about 8% of the cases that failed to amplify by 
PCR. Likewise, in some instances, in situ hybrid- 
ization was the only method that could reveal the 
presence of a virus in neoplastic cells, such as EB V 
in the Reed-Sternberg cells of Hodgkin's disease 



[48]. In another setting, EBER-1 mRNA tran- 
scripts are expressed to very high (10 5 to 1 0 6 copies/ 
cell) levels in latent EBV infections. Detection of 
EBER transcripts by in situ hybridization almost 
approaches the sensitivity of PCR in this setting. 
Analysis by in situ hybridization can also reveal vi- 
ral presence in ceils that do not show classical mor- 
phological signs of infection, and especially in spec- 
imens from immunocompromised hosts [53,54]. 
Some other organisms studied by in situ hybridiza- 
tion of paraffin-embedded tissues include Pneu- 
mocystis carinii [59], sexually transmitted disease 
agents [60], Helicobacter pylori [61], legionella 
[62], leishmania [63], aspergillus [64,65], and myco- 
bacteria [66]. In these instances, analysis by in situ 
hybridization provides rapid results compared with 
culture methods; in some instances, sequence-based 
or immunologic identification are the only avail- 
able modalities for organisms that cannot be readily 
cultured. 
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Future Directions 

In. situ hybridization combines signal detection 
with anatomic localization in a precise and predict- 
able manner. In comparison to other generally 
used molecular pathological techniques, only in 
situ hybridization can document where a signal is 
being produced in a tissue. Eventually, as in situ hy- 
bridization methods are developed that detect sin- 
gle nucleotide changes, this already powerful tech- 
nique will increase in versatility and utility. As the 
Human Genome Project nears completion, all ex- 
pressed genes in a cell will be known, and it will be- 
come necessary to determine exactly which cells in 
a tissue express a particular transcript. This task 
can be daunting, given the fact that large numbers 
of genes are expressed in any given cell. Determi- 
nation of expression at the protein level by immu- 
nohistochemistry first requires the generation of 
antibodies against the expressed proteins, which is 
a time-consuming process. Determination of the 
expression profile by in situ hybridization, espe- 
cially with oligonucleotides, can prove to be a rapid 
and specific method to achieve this goal in a short 
period of time. In situ hybridization will also be a 
powerful technique to monitor gene therapy. From 
a safety and regulatory standpoint, it will become 
critical to determine the localization, distribution, 
and expression of therapeutic genes transferred by 
viral or plasmid vectors into cells or organs, and 
this can be accomplished with a great degree of 
specificity and sensitivity by currently available in 
situ hybridization techniques. 

Note Added in Proof 

Additional formulae to calculate the T m of nu- 
cleic acid hybrids appear in Wetmer JG: DNA 
probes: Application of the principles of nucleic 
acid hybridization. Crit Rev Biochem Mol Biol 
1991;26:227-259. 
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Summary. A method of in situ hybridization for visualizing 
individual human chromosomes from pter to qter, both in 
metaphase spreads and interphase nuclei, is reported. DNA 
inserts from a single chromosomal library are labeled with 
biotin and partially preannealed with a titrated amount of 
total human genomic DNA prior to hybridization with cellular 
or chromosomal preparations. The cross-hybridization of re- 
petitive sequences to nontargeted chromosomes can be mark- 
edly suppressed under appropriate preannealing conditions. 
The remaining single-stranded DNA is hybridized to speci- 
mens of interest and detected with fluorescent or enzyme- 
labeled avidin conjugates following post-hybridization washes. 
DNA inserts from recombinant libraries for chromosomes 1, 
4, 7, 8, 13, 14, 18, 20, 21, 22, and X were assessed for their 
ability to decorate specifically their cognate chromosome; 
most libraries proved to be highly specific. Quantitative den- 
sitometric analyses indicated that the ratio of specific to non- 
specific hybridization signal under optimal preannealing con- 
ditions was at least 8:1. Interphase nuclei showed a cohesive 
territorial organization of chromosomal domains, and laser- 
scanning confocal fluorescence microscopy was used to aid the 
3-D visualization of these domains. This method should be 
useful for both karyotypic studies and for the analysis of chro- 
mosome topography in interphase cells. 



Introduction 

Chromosome banding techniques have facilitated the identifi- 
cation of specific human chromosomes and presently provide 
the major basis upon which chromosomal aberrations are 
diagnosed. The interpretation of chromosome banding pat- 
terns requires skilled personnel and is often technically diffi- 
cult, especially with respect to detecting minor structural 
changes and when analyzing complex karyotypes, such as 
those of highly aneuploid tumor cells (see Cremer et al. 
1988b). An additional complexity is that readable metaphase 
chromosome spreads are sometimes very difficult or impos- 
sible to prepare from certain cell types or tissues. Alternative 
methods for identifying chromosomal aberrations could aug- 
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ment current methods of cytogenetic analysis, particularly if 
applicable to both mitotic and interphase cell populations. 

Over the past few years a considerable body of evidence 
has been obtained which indicates that the DNA of individual 
chromosomes occupies focal territories, or spatially cohesive 
domains, within mammalian interphase nuclei (Cremer et al. 
1982; Hens et al. 1983; Schardin et al. 1985; Manuelidis 
1985a; Pinkel et al. 1986a). These observations strongly sug- 
gest that chromosome-specific probe sets could be used to 
detect numerical or structural aberrations of chromosomal 
domains in non-mitotic cells, an approach termed "interphase 
cytogenetics" (Cremer et al. 1986). Indeed, recent in situ hy- 
bridization studies have demonstrated the prenatal diagnosis 
of trisomy-18 with interphase cells (Cremer et al. 1986) and 
the detection of numerical chromosomal abnormalities in 
tumor cell lines (Cremer et al. 1988a) using chromosome- 
specific repetitive DN As as probes. Since all chromosome- 
specific repetitive DNAs reported to date are localized to dis- 
crete subregions of each chromosome, this class of DNA 
probes would be unsuitable for analyses of many types of 
chromosomal aberrations, e.g., translocations and deletions. 
However, the ability to detect uniquely the entire spectrum of 
sequences comprising a specific chromosome would make 
such analyses possible. Furthermore, such a general labeling 
technique would allow one to address fundamental questions 
concerning the spatial organization of chromosomal DNA 
within interphase nuclei. 

In this report we present a hybridization strategy suitable 
for the specific cyto-staining of individual human chromo- 
somes using commercially available genomic DNA libraries 
that originated from flow-cytometry sorted human chromo- 
somes (Van Dilla et al. 1986). Suppression of hybridization 
signals from ubiquitous repeated sequences, such as the Alu 
and Kpnl elements, was achieved using total human DNA in 
a reannealing procedure that is based on rapid reassociation 
kinetics. Similar principles were used previously to facilitate 
the selective hybridization of unique sequence subsets from 
cosmid DNA clones for Southern blotting (Sealey et al. 1985) 
and in situ hybridization experiments (Landegent et al. 1987). 
We demonstrate here the specific labeling of individual chro- 
mosomes in both metaphase spreads and interphase nuclei, as 
well as the feasibility of using computer-assisted optical sec- 
tioning for 3-D reconstruction of chromosomal domains for 
the analysis of nuclear topography. In an accompanying paper 
(Cremer et al. 1988b) we further document the utility of this 
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technique to detect chromosomal aberrations in highly an di- 
ploid tumor cells. 



Materials and methods 

DNA libraries 

The following human chromosome genomic libraries were ob- 
tained from the American type culture collection: LA01NS01 
(chromosome 1), LL04NS01 (chromosome 4), LA07NS01 
(chromosome 7), LL08NS02 (chromosome 8), LA13NS03 
(chromosome 13), LL14NS01 (chromosome 14), LL18NS01 
(chromosome 18), LL20NS01 (chromosome 20), LL21NS02 
(chromosome 21), LA22NS03 (chromosome 22), LA0XNL01 
(chromosome X). Amplification of these phage libraries on 
agar plates (using LE 392 cells as the bacterial host), purifica- 
tion of the X phages and extraction of phage-DNA pools were 
carried out according to standard protocols (Maniatis et ah 
1982). 

Preparation ofmetaphase spreads and fibroblast cells 

Phytohemagglutinin-stimulated lymphocytes from a normal 
adult male (46, XY) were cultured in McCoy's 5A medium 
(GIBCO), arrested with Colcemid, treated with a hypotonic 
solution of 0.075 MKC1, fixed in acetic acid-methanol and 
metaphase spreads made by standard procedures. Low-pas- 
sage normal human foreskin fibroblasts (46, XY) were grown 
on microscope slides, fixed with paraformaldehyde, and per- 
meabilized as described (Manuelidis 1985b), for study of 
preparations with a more intact three-dimensional structure. 

Preparation of DNAs for in situ hybridization 

Insert DNA probes. Genomic DNA fragments from the chro- 
mosomal DNA libraries were separated as a pool from the 
Charon 21 A vector arms by digestion with the appropriate re- 
striction enzyme [EcoRL (LA libraries) or ffindlll (LL lib- 
raries)] followed by preparative electrophoresis in 0.6% 
agarose gel. The insert fragments were isolated from gel slices 
by electroelution into an Elutrap (Schleicher and Schuell) and 
further purified by Elutip-d column chromatography (Schlei- 
cher and Schuell). The DNA was then extracted with phenol/ 
chloroform (1 : 1) and ethanol precipitated. This pool of DNA 
fragments was labeled either by nick translation using Bio-11- 
dUTP (Langer et al. 1981; Brigati et al. 1983) or by random 
primer extension with the multiprime DNA labeling system 
(Amersham) substituting dTTP with 0.5 mM Bio-ll-dUTP. 
Alternatively, the DNA of the chromosome-specific libraries 
was biotin-labeled directly (without separation of the vector 
arms) by nick translation. 

Probe size. To facilitate probe penetration and to optimize 
reannealing hybridization, it is desirable to have labeled DNA 
fragments smaller than 500 nucleotides, with the majority pre- 
ferentially of 150 to 250 nucleotides in length. DNAse concen- 
trations were empirically established in nick-translation reac- 
tions to yield fragments in the desired size range and this was 
verified by agarose gel electrophoresis. Random primer ex- 
tensions were also carried out under conditions which yielded 
a comparable DNA size distribution. 



Competitor DNA. Human genomic DNA (from placenta or 
white blood cells) prepared as described (Davis et al. 1986) as 
well as salmon testis genomic DNA (Sigma) were digested 
with DNAse to obtain fragments with the same size distribu- 
tion as the probe DNA, then extracted with phenol/chloro- 
form and ethanol precipitated. These competitor DNAs were 
used in varying ratios with probe sequences, as detailed in the 
Results. 

Preannealing and hybridization 

Under standard conditions from 5 ug/ml to 30 ug/ml of biotin- 
labeled DNA, representing library insert fragments, and vary- 
ing amounts of competitor DNAs were combined, ethanol - 
precipitated and resuspended in formamide. The probe con- 
centration was adjusted to reflect the relative DNA content of 
each chromosome target. For example, chromosome 1 con- 
tains approximately 5.3 times as much DNA as chromosome 
21 (Mendelsohn et al. 1973); thus the probe concentrations 
used were 30 ug/ml and 5 ug/ml, respectively. When total li- 
brary DNA was used as the probe mixture instead of purified 
DNA inserts, 10 times as much labeled DNA was added to 
compensate for the large amount of vector sequences. In the 
case of the X-chromosome library, LA0XNL01, only twice as 
much labeled library DNA was used since the human DNA in- 
serts constitute almost half of the total DNA. For comparative 
purposes, the concentration of human competitor DNA in the 
hybridization mixture was varied from 0 to l.Omg/ml and sal- 
mon testis DNA was added as required to result in a final 
DNA concentration of l.Omg/ml in 50% formamide, 1 x SSC 
(0, 15 M sodium chloride, 0.015 M sodium citrate, pH 7.0) and 
10% dextran sulfate. These solutions were heated at 75°C for 
5min to denature the DNA and then incubated at 37°C for 
various times to promote partial reannealing. The preannealing 
step was done in an Eppendorf tube just prior to applying the 
hybridization mixture to the specimen. Nuclei and chromo- 
some spreads on glass slides were incubated in 70% formamide, 
2 x SSC at 70°C for 2min to denature chromosomal DNA and 
then dehydrated in a series of ice-cold ethanol (70% , 90% and 
100%, each for 3min). After application of the preannealed 
probe mixture (2.5ul/cm 2 ) to slides prewarmed to 42°C, a 
coverslip was added and sealed with rubber cement. The sam- 
ples were then immediately incubated at 37° C in a moist 
chamber for 10-20 h.. 

In those cases where paraformaldehyde fixation was used 
to more optimally preserve the 3-D structure of the specimen 
(Manuelidis 1985b), the slides were equilibrated in 50% for- 
mamide, 1 x SSC (2 x 15 min), excess fluid was removed with- 
out permitting the sample to dry, the probe mixture was 
added (5ul/cm 2 ), and a coverslip mounted and sealed with 
rubber cement. Denaturation of both probe and cellular DNA 
was done at 75° C for 5 min before hybridization was allowed 
to proceed overnight at 37°C. 

Detection 

After hybridization, the slides were washed in 50% formamide, 
2 x SSC (3 x 5 min, 42°C) followed by washes in 0.1 x SSC 
(3 x 5 min, 60°C). Thereafter the slides were incubated with 
3% bovine serum albumin (BSA), 4 X SSC for ca. 30 min at 
37°C, Detection of the biotinylated probe was achieved using 
either fluorescein-labeled avidin or avidin-alkaline phos- 
phatase complexes. All detection reagents were made up in 
4 x SSC, 0.1% Tween 20, 1% BSA and all washes were car- 
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ried out in 4 x SSC, 0.1% Tween 20 (3 x 3min, 42 6 C). For 
fluorochrome detection, slides were incubated with 5 ug/ml 
fluorescein isothiocyanate (FTTC)-conjugated avidin DCS 
(Vector Laboratories) at 37°C for 30 min followed by washes. 
In rare cases the FITC signal was amplified by incubation with 
5 ug/ml biotin-conjugated goat anti-avidin D antibodies 
(Vector Laboratories) at 37°C for 30 min, followed by wash- 
ing, a second incubation with 5 ug/ml FITC-conjugated avidin 
(37°C, 30 min) and a final wash (Pinkel et al. 1986a). For de- 
tection by enzyme activity, samples were incubated with 
2.5 ug/ml streptavidin, washed, incubated with 2 ug/ml biotin- 
conjugated alkaline phosphatase (Vector Laboratories), 
washed again and pre-equilibrated in AP-buffer 9.5 (100 mM 
Tris-HCl, pH 9.5, lOOmM NaCl, 50mMMgCl 2 ) for 2 x 5min 
at room temperature. The enzyme reaction was carried out in 
AP buffer 9.5 containing 330 ug/ml of nitroblue tetrazolium 
(NBT) and 165 ug/ml 5-bromo-4-chloro-3-indolyl phosphate 
(BCIP) at 37°C for 0.5-1 h and stopped by incubation in 
2 X SSC. All preparations were counterstained with 200ng/ml 
4,6-diamidino-2-phenylindole-dihydrochloride (DAPI), 2x 
SSC for 5 min at room temperature and mounted in 20mAf 
Tris-HCl, pH 8.0, 90% glycerol containing 2.3% of the 
DAPCO antifade, 1,4 diazabicyclo-(2.2.2)octane (Johnson et 
ah 1982). 



Microscopy 

Preparations were visualized on a Nikon inverted microscope 
equipped for DAPI and FITC epifluorescence optics as well as 
for conventional bright field microscopy (visualization of 
enzyme-mediated color precipitates). Photographs were taken 
with Kodak Ektachrome 400 (color) or Ilford XP1 400 (black 
and white) films. 

A Nikon Optiphot microscope mounted to a laser scanning 
confocal imaging system (Bio-Rad Lasersharp MRC-500; 
White et al. 1987) was used for computer-assisted optical sec- 
tioning and three-dimensional reconstruction of fluorescent 
labeled chromosome domains in nuclei. Stereo pictures of the 
three-dimensional reconstructed nuclei were taken directly 
from the video screen or printed on dry silver film (Imaging 
Systems Division, 3M Company). 



Densitometry 

A graphics workstation (VAX station II/GPX, Digital Equip- 
ment Corporation) with a frame grabber (ITEX FG-101, 
Imaging Technology) and a Dage-MTI-65 video camera with 
a Zeiss S-Planar 60 mm lens were used as previously described 
(Manuelidis arid Borden 1988). Images were digitized directly 
from the negatives and stored on disk. Background was re- 
moved and polygonal regions around each chromosome were 
defined. Threshold density levels were used to outline chro- 
mosome regions within the defined polygonal areas. Mean 
density levels within these outlined chromosome regions, R, 
were determined by the total signal J J(jt,y)dR/area R, 
where $I(x,y) is the pixel intensity (0-255) at each point 
within the region R. The threshold background intensity was 
subtracted from the mean regional density both for labeled 
chromosome 7 and for background chromosomes. The signal 
to noise ratio was calculated as mean chromosome 7 signal/ 
mean background chromosome signal. 



Results 

Figure 1A shows chromosome 7 library inserts labeled with 
biotin and hybridized to metaphase spreads from normal 
human lymphocytes without human competitor DNA. Promi- 
nent labeling of the two no. 7 chromosomes is observed; addi- 
tionally, a distinct band-like pattern of hybridization is seen 
on most of the other chromosomes, and two E-group chromo- 
somes are especially brightly stained. This general chromo- 
somal banding pattern resembles R-banding, and suggests 
that a significant portion of the background cross-hybridiza- 
tion signal originates from Alu repetitive sequences. Previous 
studies (Manuelidis and Ward 1984) have shown that Alu 
sequences delineate an R-banding pattern, while Giemsa posi- 
tive-banding profiles are highlighted by Kpnl interspersed 
repeats. A series of pilot studies were therefore undertaken to 
establish experimental parameters to eliminate the hybridiza- 
tion signal from such repetitive elements. 

The kinetics of nucleic acid reassociation in solution are 
dependent on the total concentration of nucleic acid (Co, in 
moles of nucleotides per liter) and the time of renaturation (t, 
in seconds). When reassociation conditions are standardized 
for temperature (taking into account the formamide concen- 
tration), cation concentration and buffer system, the reassoci- 
ation kinetics are comparable with respect to Cot values. 
Under defined conditions, the fast reassociating fraction of 
mammalian genomes containing the highly repetitive DNA is 
completely reannealed at Cot values between 1 x 10" 1 and 
5 x 10" 1 whereas the intermediate fraction containing the 
middle repetitive DNA is completely renatured at a Cot value 
of 1 x 10 2 (Britten and Kohne 1968). Thus at a human DNA 
concentration of l.Omg/ml (corresponding to 3 x KT 3 moles 
of nucleotide per liter), the fast fraction would be renatured 
in approximately 10 s, whereas the middle repetitive DNA 
would need more than 9h to reach complete reannealing. 
Since the fast fraction of reassociating DNA contains most or 
all of the ubiquitous repetitive DNA causing cross-hybridiza- 
tion signals, we decided to use a total DNA concentration of 
l.Omg/ml and allow partial reannealing of the probe mixture 
prior to application to specimens. The optimal renaturation 
time was determined empirically (see below). This was impor- 
tant, since our in situ hybridization conditions deviate from 
the standard conditions under which reassociation kinetics are 
determined (e.g. hybridization in 50% formamide at 37°C cor- 
responds to 0% formamide at about 70°C; dextran sulfate also 
increases the reassociation time significantly). Furthermore, it 
was unclear to what degree the middle repetitive DNA con- 
tributed to the non-specific signal and therefore should also be 
prevented from hybridization by the preanhealing procedure. 

The stringency for the reannealing and in situ hybridiza- 
tion experiments was determined in 50% formamide at 37°C 
(adapted from standard in situ hybridization protocols) and 
1 x SSC [this cation concentration of 0.165 M comes close to 
the concentration used in the kinetics study of Britten and 
Kohne (1968)]. Competitor human DNA was added in the re- 
association procedure to obtain the desired final high DNA 
concentration and to maintain a high level of repetition of the 
DNA sequences that should preanneal. While total human 
genomic DNA represents all the highly repetitive DNA to be 
removed by preannealing it also contains sequences of the 
target chromosome, thus the addition of excessive amounts of 
human DNA would be expected to diminish the chromosome- 
specific signal. Therefore, we determined first the optimal 
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Fig.lA-F. Suppression of signals from cross-reacting sequences within a chromosome 7-derived DNA library by different concentrations of 
human competitor DNA. Biotin-labeied chromosome 7 DNA.inserts (20 ug/ml) were prehybridized for 20min with human genomic DNA prior 
to hybridization with metaphase chromosome spreads and detection with FITC-labeled avidin. Human DNA concentrations were: A 0 ug/ml, 
B 50 ug/ml, C 100 ug/ml, D 200 ug/ml, E 1000 ug/ml, F same metaphase spread as in E post-stained with DAPI. Genomic salmon DNA was added 
to each sample to adjust the final DNA concentration to l.Omg/ml (see the text for details). The arrows mark the target chromosome 7 and the 
arrowheads mark additional strong signals on non-7 chromosomes. All negatives printed were exposed and developed under identical photo- 
graphic conditions r 
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concentration of total human DNA to use as the competitor. 
To keep the total DNA concentration constant at l.Omg/ml, 
genomic salmon DNA was added as needed. Salmon DNA 
shares certain repetitive DNA elements, such as poly dCdA 
(Hamada et al. 1982) in common with human DNA, but lacks 
others, most notably the Atu- and Kpnl repeats. This results 
in a lower frequency of the latter sequences with increasing 
amounts of salmon DNA in the reassociation reaction. 

Figure 1 shows typical experimental results obtained .when 
20 ug/ml of the chromosome 7 probe set was denatured together 
with 50 ug/ml (B), 100 ug/ml (C), 200 ug/ml (D) or 1000 ug/ml 
(E) of DNAse-digested human genomic DNA which was 
preannealed for 20min. Hybridization and detection using av- 
idin-FITC were carried out as described in Materials and 
methods. From each preparation ten black and white pictures 
were taken under standardized photographic conditions for 
densitometric studies (see below). In the absence of human 
genomic competitor (A) the signal showed little chromosomal 
specificity. However, with 50 and 100 ug/ml of human com- 
petitor DNA an increase of label specificity is readily apparent 
(Fig. IB, C). Specific staining of chromosome 7 was achieved 
with a peak of signal intensity using 100 and 200 ug/ml of 
human competitor DNA (Fig.lC, D). Higher concentrations 
of human DNA caused an apparent decrease of signal inten- 
sity, especially at 1000 ug/ml human DNA (Fig. IE). How- 
ever, the signal obtained under these latter conditions is still 
reasonably bright to the observer, but requires a different 
exposure for optimal illustration (not shown). 

A computer-assisted method of quantitative densitometry 
(see Materials and methods) was used to establish the overall 
level of labeling specificity. The ratio of fluorescence signal 
from the target chromosomes of interest to the background 
fluorescence noise emanating from non-target chromosomes 
was determined from images digitized from multiple photo- 
graphic negatives of a DNA titration experiment, as illus- 
trated in Fig. L The signal-to-noise ratio obtained with each 
concentration of human competitor DNA is given in Table 1. 
Optimal reannealing conditions for suppression of nonspecific 
signal (using 20 ug/ml of chromosome 7 probe and 100-200 ug/ 
ml human genomic (DNA), gave a signal-to-noise ratio of ca. 
8:1. Additional attempts to improve the signal to noise ratio 
by increasing hybridization stringencies (e.g. 60% formamide 
or 0.2 x SSC) gave no apparent improvement and led to an 
overall decrease in signal intensity. 

Since about 100-200 ug/ml of human competitor DNA was 
shown to give the optimal specificity, 200 ug/ml was used for 
another analysis of signal specificity with respect to the rena- 
turation time (see above). After 0, 2, 5; 10, 20, 40 and 60min 
of preannealing, aliquots were taken and used for in situ 
hybridization experiments as before. As indicated in Fig. 2, 
specific labeling was obtained for all preannealing times. A 
small improvement of the signal is seen with increasing re- 
naturation times from 0 to 20min. Longer renaturation times 
up to 60 min (not shown) gave no significant improvement in 
signal strength or chromosome specificity. The subjective im- 
pression of a signal improvement with 20 min of preannealing 
(Fig. 2D) could not be confirmed by a densitometric analysis, 
carried out as described above, since no significant differences 
in the signal-to-noise ratio of the different preannealing times 
were observed (data not shown). We chose 10-20 min as the 
standard renaturation time in all subsequent experiments. 
Since a signal is clearly visible at renaturation time 0, the few 
seconds necessary for transferring the probe mixture to the 



Table 1. Densitometric analysis of the suppression of cross hybridiza- 
tion signals by various concentrations of human competitor DNA. 
Chromosome 7 DNA inserts were labeled with biotin and hybridized 
in a competitor DNA titration experiment, as illustrated in Fig. 1. «, 
Number of chromosomes from which the mean was determined 



Human 
competitor 
DNA cone. 
(Ug/ml) 


Signal 
Pixel 8 


n 


Noise 
Pixel b 


n 


Signal-to-noise 
ratio 

Confidence 
interval 0 (99%) 


0 


71.48 


8 


54.66 


26 


1.31+0.04 


50 


74.50 


8 


37.43 


28 


1.99 ±0.07 


100 


162.64 


8 


20.06 


23 


8.11 ±0.35 


200 


147.35 


8 


20.53 


26 


7.18 + 0.37 


500 


89.78 


8 


18.63 


21 


4.82 + 0.28 


1000 


94.37 


8 


30.51 


17 


3.09 ±0.12 



a Mean value of pixel intensity of target chromosome 

b Mean value of pixel intensity of non-target chromosomes (from the 

same metaphase spreads) 

c The confidence interval was calculated using Fieller's theorem 
(Finney 1971) 



microscope slide appear to be sufficient to effectively pre- 
anneal many of the sequences that cause nonspecific labeling 
by cross-hybridization. Furthermore, the large excess of 
single-stranded competitor DNA may efficiently compete 
with the biotinylated probe sequences for ubiquitous chromo- 
somal target sites during the hybridization reactions. These 
results demonstrate that the majority of highly repetitive 
DNA sequences can be sufficiently suppressed to achieve 
chromosome-specific labeling by in situ hybridization. 

In certain cases the signal distribution over the entire chro- 
mosome shows some variability from experiment to experi- 
ment. When the overall signal is decreased some chromosom- 
al subregions show a brighter staining; these signal hotspots 
generally constitute chromosomal sites that contain known 
chromosome-specific repetitive sequences. In the experiments 
shown in Figs. 1 and 2, predominant staining of the centro- 
meric region of chromosome 7 is seen, which corresponds to 
the chromosome-specific signal of an alphoid repetitive DNA 
(Waye et al. 1987; see also Cremer et al. 1988b). Apparently, 
the abundance of these repeated sequences is sufficiently low 
to prevent their suppression under the conditions used here. 
The unequal signal distribution can be overcome by amplify- 
ing the overall signal using an antibody sandwich technique as 
described in Materials and methods. Furthermore, when 
labeling chromosome 1, we frequently saw a predominant 
staining of the region lq!2 (see Cremer et al. 1988b) that cor- 
responds to the chromosomal site of satellite III DNA (Cooke 
and Hindley 1979; Gosden et al. 1981). An example of the 
balanced signal distribution seen after such an amplification 
step is shown in Fig. 3 A. 

We tested several commercially available DNA libraries, 
each representing a single human chromosome, for their abil- 
ity to specifically label that chromosome under the standar- 
dized reannealing conditions described above and with the 
probe concentrations adjusted for chromosome size (see 
Materials and methods). Some examples, for chromosomes 1, 
4, 7, 13, 18 and 20, as shown in Fig. 3, clearly demonstrate that 
specific labeling can be achieved with most chromosome libra- 
ries. Table 2 lists the libraries tested with their relative scores 
of labeling specificity. All scores are positive because the 
chromosome of interest was always decorated. The highest 
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Fig.2A-D. Effect of preannealing time on the specificity and strength of the hybridization signal.' A sample of 20 ug/ml biotin-labeied chromo- 
some 7 DNA inserts was preannealed with 200 ug/ml human competitor DNA for various times: A Omin, B 2min, C 5min, D 20min, before 
hybridization to metaphase spreads followed by detection with FTTC-conjugated avidin 



score (4+) is used when no significant cross-hybridization to 
other chromosomes was observed and the scores decrease (3+ 
to 1+) with an increasing amount of -cross-hybridizing se- 
quences. 

All attempts to reduce the additional signals on other chro- 
mosomes by varying the experimental conditions failed except 
in experiments with chromosome 22; in this case higher con- 
centrations of human competitor DNA (700 ug/ml) resulted in 
a significant improvement of signal specificity. The library 
exhibiting the lowest chromosome specificity was the chromo- 
some 13 library (Fig.3E). Multiple minor binding sites on 
other chromosomes, as well as an exceptionally bright staining 
0fYql2 were observed; the signal on the Y chromosome was 
visible using either female or male human DNA as the com- 
petitor. None of the experimental parameters tested improved 
on the overall specificity of this library. 

Remarkably, a weak signal or even, absence of signal can 
be observed at the centromeric region of some chromosomes 



(see chromosomes 4 and 18, Fig. 3C,D). In contrast to chro- 
mosomes 1 and 7 which contain chromosome-specific repeti- 
tive elements, the centromere regions of chromosomes 4 and 
18 apparently contain repetitive sequences, most likely alphoid 
satellite DNAs, which are very abundant and thus are sup- 
pressed by the reannealing technique. However, these chro- 
mosomal regions are very small and the effect can only be ob- 
served when the corresponding chromosomes are fairly elon- 
gated. 

We also used biotinylated total library DNA (containing 
the phage vector sequences) as probes in concentrations ad- 
justed to the amount of human DNA inserts (see Materials 
and methods). One example is shown in Fig. 3F with the chro- 
mosome 20 library. Although good staining of the chromo- 
some of interest generally was achieved, significant non- 
specific background on the entire slide was a common prob- 
lem. Similar results were obtained with plasmid libraries 
containing human DNA subcloned from the lambda phage 






F1g.3A-F. Decoration of A chromosome 1, B chromosome 7, C chromosome 4, D chromosome 18, E chromosome 13 and F chromosome 20 
in normal human lymphocytes. Only the chromosome 13 insert DNA pool shows significant cross-hybridization to other chromosomes after the 
prehybridization supression step. The detection of chromosome 20 (F) was done with the entire chromosome library (including X phage arms) 
and detected with avidin-alkaline phosphatase using NBT-BCIP as the enzyme substrate mixture. The signal of chromosome 1 (A) was amplified 
by the sandwich technique of Pinkel et ah (1986a) 
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libraries (Chieh-ju Tang, P. Lichter, D.C.Ward, unpublished 
data). In contrast, there was no background problem with the 
total chromosome library LA0XNL01, which contains a sig- 
nificantly smaller proportion of vector sequences in the probe 

Table 2. Relative quality of specific chromosome labeling in situ using 



Chromosome 


Library used 
(ATCC designation) 


Relative specificity 
of in situ hybridization 
signal 8 


1 


LA01NS01 


3+ 


4 


LL04NS01 


4+ 


7 


LA07NS01 


4+ 


8 


LL08NS02 


4+ 


13 


LA13NS03 


1 + 


14 


LL14NS01 


2+ 


18 


. LL18NS01 


4+ 


20 


LL20NS01 


4+ 


21 


LL21NS02 


3+ 


22 


LA22NS03 


3+ b 


X 


" LA0XNLO1 


4+ 



8 See the text for score definition 

b Under standard preannealing conditions the chromosome 22 library 
gave a score of +1; a value of +3 was achieved only with a human 
competitor DN A concentration of > 700 ug/ml (total DNA concentra- 
tion l.Omg/ml) 



mixture since the size of the human DNA inserts is much 
larger. 

The suppression of repetitive sequences by this reanneal- 
ing technique also permits the use of flow-sorted chromosome 
libraries to detect chromosomal domains within interphase 
nuclei. Typical examples of results obtained after hybridiza- 
tion of chromosome 1, chromosome 7 and chromosome 18 
probe sets to normal human lymphocytes after acetic acid- 
methanol fixation are shown in Fig. 4. Discrete focal domains 
of hybridization signal are seen with all libraries that had 
scores of 2+ or more (see Table 2). Most nuclei (n > 100 per 
estimate) exhibited two domains (60% -70%); however, a sig- 
nificant number showed only a single domain (20% -30%) or 
no hybridization signal at all (5%-10%). Accordingly, ca. 
. 95% of male nuclei exhibited one and ca. 5% showed no hy- 
bridization signal when the X chromosome library DNA was 
used as probe. Notably, no nuclei with three domains were 
found with any of the chromosomal probe sets tested. In 
contrast, all metaphase spreads showed the decoration of both 
chromosome homologs without exception. This interphase 
variability may reflect, in part, the close juxtaposition of two 
individual domains in some cells, or the inability to resolve do- 
mains that actually occupy different areas within the nuclear 
volume but are unresolved when examined by two-dimen- 
sional imaging methods (see Fig. 4D; for discussion see also 
Cremer et al. 1988a). The small number of nuclei exhibiting 
no hybridization signal may be a reflection of suboptimal hy- 









Kg.4A-F. Chromosome domains in human lymphocyte nuclei delineated by preannealed chromosome- library DNA inserts. Hybridization to 
acetic acid-methanol fixed nuclei was detected by FITC-conjugated avidin (A-E) or alkaline phosphatase-conjugated avidin (F). Domains are 
shown for chromosome 1 (A, B), chromosome 7 (C, D) and chromosome 18 (E, F). A predominant staining of the centromere region is seen 
withm the chromosome 7 domains, reflecting preferential hybridization of the chromosome 7-specific alphoid DNA repeat; a similar signal dis- 
tribution on metaphase chromosomes was also observed in this particular experiment 
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Fig. 5. Stereo picture of a human foreskin fibroblast nucleus highlighting chromosome 7-specific DNA domains. Hybridization to paraform- 
aldehyde-fixed fibroblasts and detection with FTTC-labeled avidin was carried out as described in Materials and methods. Using a laser-scanning 
confocal microscope, 14 continuous optical sections were taken at 0.5-um intervals and used for 3-D reconstruction. Whereas the lower domain 
extends in the plain of the print, the upper domain is oriented more upright towards the viewer's eye. A helical substructure of the domains is 
visible (see the text for discussion). The nucleolus is excluded from the nuclear background staining (here partially framed by the two labeled do- 
mains) 



bridization conditions. It is of interest to note that the size of 
the intranuclear domains correlates reasonably well with the 
relative size of the cognate metaphase chromosome. These 
observations provide a definitive proof that the DNA of indi- 
vidual chromosomes exhibits a clear territorial organization in 
the interphase nucleus of a normal human cell. 

Acetic acid-methanol fixed nuclear spreads, such as those 
shown in Fig. 4, clearly retain the territorial organization for 
each of the chromosomes examined; however, the nuclear 
structure is not optimally preserved. We have initiated studies 
with specimens that possess better preservation of 3-D struc- 
ture using paraformaldehyde fixed human diploid fibroblasts 
and a laser-scanning confocal fluorescence microscope assem- 
bly for 3-D image reconstruction. The cells were fixed and 
permeabilized as described by Manuelidis (1985b) and hy- 
bridized with chromosome library probes as outlined in Mate- 
rials and methods. The probe-competitor DNA mixture was 
applied directly to the slide and denatured at the same time as 
the cellular DNA. Figure 5 shows a stereo pair illustrating the 
spatial organization of the two chromosome 7 domains within 
a cell nucleus reconstructed after optical sectioning. Besides 
the arrangement of the chromosome domains in the nucleus, 
this figure also shows the frequently observed helical structure 
of labeled chromatin within chromosome domains. The de- 
gree to which this helicity reflects true domain substructure or 
an artifact reflecting preparation and fixation procedures is 
currently being investigated. Nevertheless, this preliminary 
observations establishes the feasibility of using chromosome- 
specific probes to analyze the topography of chromosomal do- 
mains in the interphase cells. 



Discussion 

In this study we present a method for the efficient and specific 
labeling of entire individual human chromosomes by in situ 
hybridization with DNA probes originating from flow-sorted 
chromosome libraries. Suppression of the signal from the fast 
reassociating fraction of human genomic DNA was shown, in 
general, to be sufficient for labeling specificity. Thus the 
chromosome-specific signal is apparently generated by a com- 
bination of middle repetitive, low copy number and unique 



sequences. A highly specific decoration of the chromosome of 
interest was achieved with most of the DNA libraries tested, 
the best of which were the libraries for chromosomes 4, 7, 8, 
18, 20 and X. Total recombinant library DNA containing vec- 
tor sequences can be used as well as purified DNA inserts, al- 
though with somewhat higher background noise, thus circum- 
venting the time and labor needed to isolate and purify pools 
of insert DNA for use as probes. These commercially avail- 
able DNA libraries are therefore perfectly adequate for chro- 
mosomal analysis of the type reported in this and the follow- 
ing paper (Cremer et al. 1988b). Similar results have been ob- 
served by J.Gray, D.Pinkel and associates (personal com- 
munication) using chromosome 4 and chromosome 21 DNA 
probe sets. We propose to refer to this method as "chromo- 
somal in situ suppression (CISS)" hybridization. 

CISS hybridization may also provide a relatively simple 
screening method to assess the chromosomal specificity of 
such libraries and to monitor for gross contamination in flow- 
sorted chromosome fractions. It cannot be determined from 
our present data whether the observed nonspecific signals are 
caused by sequences derived from other chromosomes or 
chromosomal fragments that contaminated the sorted human 
chromosome fractions, or if they are caused by naturally 
occurring sequence similarities. However, at least some of the 
cross-hybridization signals on other chromosomes are appar- 
ently produced by sequences that are located on several 
human chromosomes. For example, a sequence of the satellite 
III DNA that hybridizes predominantly to chromosome 1 
(lql2) also shares homology with several other polymorphic 
centromeric regions that are present in chromosome 9 and 16 
(Gosden et al. 1981). This correlates well with the minor bind- 
ing sites observed in experiments labeling chromosome 1 (see 
Fig. 3 A). Similarly, part of the cross-hybridization signals of 
chromosome 22 (not shown) correlates with the hybridization 
pattern of an a-satellite DNA sequence (McDermid et al. 
1986), and the cross-hybridization with probes of chromo- 
somes 13,14,21 and 22 correlates to some extent with the nu- 
cleolar organizer regions in the human genome that are 
known to contain tandemly repeated DNA sequences. In 
contrast, the expected decoration of the pseudo-autosomal 
region on the Y chromosome using X chromosome library 
probes was barely visible. 



233 



The fluorescent signals decorating one pair of chromo- 
somes were easily detected and analyzed in mitotic cells, in- 
cluding those usually not accessible to cytogenetic analyses 
such as early prophase chromosome coils and metaphase 
spreads where the chromosomes are not well separated from 
each other (see Cremer et al. 1988b). In addition, interphase 
domains of the respective chromosomes were distinctly de- 
lineated. This constitutes a definite proof for the territorial or- 
ganization of chromosomes in normal human interphase cell 
nuclei and extends previous results obtained with rodent- 
human hybrid lines (Schardin et al. 1985; Manuelidis 1985a; 
Pinkel et al. 1986a). This territorial organization facilitates the 
detection of numerical and structural chromosome aberra- 
tions in interphase nuclei (see Cremer et al. 1988b). Further- 
more, these observations open up a new approach to investi- 
gate interphase chromosome topography. We have demon- 
strated here the successful staining of individual chromosomes 
in nuclei of paraformaldehyde-fixed fibroblast cells and a 
three-dimensional imaging of these respective domains. This 
procedure should enable one to address such general ques- 
tions as exclusive territorial occupation, specific localization 
and specific orientation of chromosome domains in different 
cell types. We are currently investigating these topographic 
features and their dependence on the cell cycle and stage of 
differentiation. 

Two technical points that are critical for detailed topologi- 
cal studies should be noted. First, it will be essential to per- 
form optical sectioning routinely in order to spatially resolve 
juxtaposed or overlapping chromosome domains. This can be 
done using Normarski or epifluorescence optics, image digit- 
izers and computer-assisted 3-D image reconstruction soft- 
ware as previously reported (Agard and Sedat 1983; Pinkel et 
al. 1986b; Manuelidis and Borden 1988). As shown here, one 
also can apply laser-scanning confocal microscopy in combina- 
tion with computer-controlled image reconstruction to define 
3-D structure. Confocal microscopy offers the singular advan- 
tage that the contribution of out-of-focus signal can be mark- 
edly reduced (Cremer and Cremer 1978; Brakenhoff et al. 
1979), thus significantly reducing the mathematical computa- 
tion required for 3-D image reconstruction. The second im- 
portant requirement is the availabiltiy of multiple labeling 
techniques for probe detection. Simultaneous visualization of 
several chromosome domains or subdomains within the same 
nucleus would allow a much more extensive investigation of 
nuclear topography. For example, the combination of com- 
plete chromosome domain probes with specific subregional 
probes would facilitate the analyses of both domain orienta- 
tion and intradomain fine structure. These subregions could 
be decorated using chromosome-specific repetitive DNA 
probes, directed to centromeric and telomeric regions (Man- 
uelidis 1984; Rappold et al. 1984; Manuelidis and Borden 
1988; Emmerich et al. 1988; Trask et al. 1988) or cosmid 
clones containing human DNA of known chromosomal map 
coordinates (Landegent et al. 1987). The application of double 
labeling techniques to visualize simultaneously entire chromo- 
some domains and centromeric subregions have already 
proven valuable for detecting chromosomal aberrations in 
tumor cells, both in metaphase and interphase cells, as out- 
lined by Cremer et al. (1988b). 
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ABSTRACT Plasmid clones containing up to 94 kilobases 
of single-copy DNA from band q22.3 of chromosome 21 and a 
complete pool of insert DNA from a chromosome 21 recombi- 
nant library have been used to rapidly detect numerical and 
structural aberrations of chromosome 21 by in situ hybridiza- 
tion in both metaphase and interphase cells. A trisomic 
karyotype, diagnostic of Down syndrome, is readily detected in 
nonmitotic cells because the majority of their nuclei exhibit 
three discrete foci of hybridization, in contrast to normal 
diploid cells, which show two foci. Chromosomal translocations 
involving chromosome 21 sequences were also detected with 
these probes, and the intranuclear location of 21q22 3 DNA 
sequences in "normal" human brain neurons was established 
with the plasmid DNA probe set These results suggest that 
chromosome 21-specific probes may have utility in clinical 
diagnostics, especially by facilitating the direct analysis of 
interphase cells. 



The smallest human autosome, chromosome 21, has been 
highly relevant to clinical cytogeneticists because trisomy 21 
is the primary cause of Down syndrome (1). The recent 
mapping of the locus for familial Alzheimer disease (2) and 
the gene for the amyloid 0 protein (3, 4) to 21qll.2->21q21 
has focused additional attention on chromosome 21. Inter- 
estingly, Down syndrome patients and familial Alzheimer 
patients both develop clinical dementias and have similar 
brain pathology with plaques rich in the amyloid p protein (5, 
6). Cytogenetic studies have indicated that only trisomy of 
subregion 2lq22-»21qter is required to elicit the Down 
syndrome phenotype. There is, however, some disagreement 
as to which part of this subregion is responsible for the 
complex pathological effects (reviewed in ref. 7). 

The majority of Down syndrome patients («95%) show 
three chromosomes 21, and in about 5% of the cases, the 
trisomy is caused by a Robertsonian translocation (8). Both 
forms of trisomy are routinely diagnosed by conventional 
banding techniques Additionally, a small portion («1%) of 
Down syndrome is caused by reciprocal translocation (8). 
This is difficult to diagnose because the translocated terminal 
segment of chromosome 21 can be very small, and it is 
detectable only by high-resolution banding. Another diag- 
nostic complication is the occurrence of trisomy 21 mosair 
cism. It has been reported that the incidence of chromosome 
21 mosaicism is between 1% and 2%, although the actual 
frequency may be higher (8). 

Recent studies (9-15) have shown that the DNA of each 
chromosome occupies a discrete focal territory within an 
interphase nucleus. These observations indicate that chro- 
mosomal aberrations can be detected directly in nonmitotic 
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cells by in situ hybridization using chromosome-specific 
probes. Indeed, a successful diagnosis of trisomy 18 has been 
reported by using amniotic fluid cells hybridized with a 
repetitive sequence probe that, under high stringency con- 
ditions, is specific for the centromeric region of chromosome 
18 (16). A similar diagnosis of trisomy 21 also has been 
reported (17) with probe DNA that was derived from flow- 
sorted chromosome 21 but was not further defined. 

DNA probe sets that specifically label the terminal band 
21q22.3 or decorate the entire chromosome 21 are reported 
here, and the application of these probes to the detection of 
numerical and structural aberrations of chromosome 21 in 
both metaphase and interphase cells is described. 

MATERIALS AND METHODS 

DNA Probes. All plasmids contain inserts of human chro- 
mosome 21 that were mapped to 21q22.3 (18-22). All inserts 
were either known (20, 23-25) or verified by Southern blot 
analysis to be single-copy DNA; the plasmids other than pS2 
are subclones derived from a A phage library (24) or a cosmid 
library (25). The plasmids are listed in Table 1 with the 
Human Gene Mapping Workshop symbols (26) and the 
approximate insert fragment length. 

The human chromosome 21 genomic library LL21NS02 
was obtained from the American Type Culture Collection and 
amplified on agar plates as recommended. Phage DNA was 
prepared and digested with r/indlll, and the DNA inserts 
were separated from the vector arms by preparative gel 
electrophoresis in 0.6% agarose. DNA was isolated from gel 
slices by electrocution; purified by Elutip-d chromatography 
(Schleicher & Schuell); extracted with phenol/chloroform, 1: 
1 (vol/vol); and precipitated with ethanol (14). 

Human Cells. Metaphase spreads and interphase nuclei 
were prepared from (i) lymphocyte cultures of normal (46, 
XY) individuals, (if) lymphocytes of Down syndrome 
(47,+21) individuals, (Hi) chorionic villi samples cultured for 
prenatal diagnosis (u and Hi were provided by T. Yang-Feng, 
Yale University Cytogenetics Laboratory), and (iv) cultures 
of TC620, an oligodendroglioma-derived pseudotriploid cell 
line (28). Standard techniques of colcemid treatment, hypo- 
tonic treatment, and methanol/acetic acid fixation were 
used. Biopsy material from the cortical region of a "normal" 
human brain (46, XX) was fixed, sectioned, and permeabi- 
lized as described (29). 

In Situ Hybridization. Various combinations of plasmid 
DNA, labeled with biotin-ll-dUTP by nick-translation (30), 
were used for hybridization at concentrations ranging from 2 
to 15 ftg/ml depending on the pool size. For example, 15 
jxg/ml was used when the probe mixture contained 94 
kilobases (kb) of insert DNA; the probe concentration was 



Abbreviations: CISS, chromosomal in situ suppression; CV, chori- 
onic villi; DAPI, 4\6-diamidino-2-phenylindole. 
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Table 1. Plasmids with inserts from chromosome 21 







Insert 






Insert 


Gene 




length, 


Gene 




length, 


symbol 


Plasmid 


kb 


symbol 


Plasmid 


kb 


BCEI 


pS2 (23) 


0.6 


D2IS56 


pPW520-10R 


4.6*t 


D21S3 


pPW231F 


0.8*t 




pPW520-llR 


1.8*t 




pPW231G 


0.7*t 


D2IS57 


pPW523-10B 


6.5* 


D21S23 


pPW244D 


1.0 




PPW523-1H 


7.0* 


D21S53 


pPW512-6B 


3.0* 




pPW523-5R 


2.2*t 




pPW512-8B 


3.8 




pPW523-10R 


3.8*t 




pPW512-lH 


2.9*t 




PPW523-19R 


2.5* 




pPW512-16P 


2.7* 


D21S64 


pPW551-8P 


1.9* 




PPW512-18P 


1.6* 




PPW551-12P 


4.2* 




pPW512-4R 


4.7 


D21S71 


PPW519-10P 


0.8 




pPW512-12R 


2.0* 




PPW519-11P 


3.0 


D21S55 


pPW518-4H 


1.6* 




PPW519-1R 


6.0* 




pPW518-10P 


2.9* 




pPW519-8R 


2.9*t 




pPW518-5R 


5.2*t 




pPW519-9R 


1.7* 


D21S56 


PPW520-5B 


5.0 




PPW519-14R 


4.0*t 




pPW520-6B 


1.0* 




pPW519-22R 


1.8* 



Preparation of plasmid DNA was according to standard protocols 
(27). Various probe sets were obtained by pooling plasmids (equal 
molar amounts), resulting in DNA probe complexities of 94 kb (all 
plasmids listed), 75 kb (plasmids labeled with an asterisk), or 29 kb 
(plasmids labeled with a dagger). 



decreased in proportion to the sequence complexity of the 
probe mixture. The size of the probe DNA was adjusted to a 
length of 150-250 nucleotides empirically by varying the 
DNase concentration in the nick-translation reaction. The 
hybridization cocktail also contained 50% formamide, 0.30 M 
NaCl, 0.03 M sodium citrate (pH 7), 10% (wt/vol) dextran 
sulfate, and on occasion 0.5 mg of sonicated salmon sperm 
DNA per ml. Simultaneous denaturation of probe and target 
DNA was carried out at 75°C for 6 min (metaphase spreads) 
or 94°C for 11 min (tissue slices). Hybridization reactions 
were incubated at 37°C overnight. 

Delineation of individual chromosomes with DNA probes 
derived from sorted human chromosomes was done by a 
method termed chromosomal in situ suppression (CISS) 
hybridization as described (14). Briefly, biotinylated chro- 
mosome 21 library. DNA inserts (5 fig/ml), DNase-digested 
human genomic DNA (200 pg/ml), and salmon sperm DNA 
(800 jug/ml) were combined in the hybridization solution, 
heat-denatured, and partially prehybridized for 10-30 min at 
37°C before application to a separately denatured specimen. 

Post hybridization washes, detection of hybridized probe 
by using either alkaline phosphate-conjugated avidin or fluo- 
rescein isothiocyanate-conjugated avidin, and photographic 
conditions were as described (14). When probe sets contain- 
ing 29 kb or less of target sequence were used, the fluorescein 
isothiocyanate detection was generally enhanced by one 
cycle of signal amplification (31). 

All quantitative analyses of interphase signals were carried 
out by using slides from several independent experiments, 
with more than 100 nuclei being analyzed per slide. Compar- 
ison of signals in normal and trisomic samples was done in a 
blind-study fashion. 

RESULTS 

Various combinations of cloned DNA fragments from human 
chromosome 21, previously localized to the 21q22.3 band, 
were tested for their ability to specifically label the cognate 
chromosomal region in lymphocyte metaphase spreads and 
interphase nuclei after in situ hybridization. The maximal 
amount of unique-sequence DNA in the probe set was «94 
kb; this probe set resulted in a clearly visible labeling of the 
terminal region of both chromatids of the chromosome 21 
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homologs (see Fig. IB). These signals were seen unambig- 
uously and without exception in all metaphase spreads, even 
in spreads of poor quality or from prophase cells (not shown). 
In normal interphase cells, the majority (65-75%) of nuclei 
exhibited two signals (see Fig. 1C), 25^30% showed one 
signal, and less than 5% showed no signal (for discussion of 
signal distribution in interphase nuclei, see refs. 13-15). 
Nuclei with three signals were found only rarely (<0.2%) and 
may reflect incomplete hybridization to a few tetraploid cells 
in the sample. Similar results were obtained with probe sets 
containing 29 or 75 kb of DNA. With probe sets containing 
fewer than 20 kb of insert DNA, there were increased 
numbers of cells with less than two signals. Thus, these probe 
sets were deemed unsuitable for diagnostic purposes. How- 
ever, such probes still yielded specific signals on the majority 
of chromosomes 21, even with a 6-kb single-copy DNA (see 
Fig. 1A), especially when signal amplification was used. 

The usefulness of chromosome library DNA CISS hybrid- 
ization (14) for detecting chromosome 21 was also evaluated. 
Chromosome 21 was specifically and entirely decorated in 
normal lymphocyte metaphase spreads, although some ad- 
ditional minor binding sites were seen at or near the centro- 
meric region of other acrocentric chromosomes, especially 
chromosome 13 (normal karyotype not shown; see Fig. IE). 
Suppression with additional DNA including the plasmid 
LI. 26, which detects a repetitive DNA located predomi- 
nantly at the centromeric region of chromosomes 13 and 21 
(32), did not efficiently suppress the minor non-21 chromo- 
somal signals. Quantitative evaluation of interphase nuclei 
signals again showed a negligible portion of nuclei with three 
signals; however, a significant increase in nuclei with less 
than two signals was observed (50-60% with two signals, 35- 
45% with one signal, and 5-10% without a signal). The 
numerical differences observed with the two different probes 
can be explained in part by the number of nuclei (up to one 
of three) that were excluded from the latter analysis because 
they exhibited larger and more diffuse signals, most likely 
from more than one chromosome that could not be resolved 
unambiguously as two separate chromosome domains in a 
two-dimensional representation. The minor cross-hybrid- 
izing sites noted above presented a second experimental 
complication but did not adversely influence data interpre- 
tation. 

The optimal (94 kb) plasmid pool as well as CISS hybrid- 
ization with chromosome 21 library inserts were tested 
further by using cells containing chromosome 21 aberrations. 
Both probe sets permitted a fast and unambiguous diagnosis 
of trisomy 21 in all metaphase spreads from Down syndrome 
lymphocyte cultures (see examples in Fig. 1 D and E). 
Furthermore, the quantitative distribution of hybridization 
signals in interphase nuclei of the same preparation, analyzed 
as described above, was similar with either type of probe 
[<5% of cells with no signal, 5-15% with one signal, 25-35% 
with two signals, and 55-65% with three signals (Fig. 1 F-J)]. 
Although the library DNA inserts gave up to 15% of four- 
signal nuclei (compare Fig. 1 F and G), most likely because 
of the minor binding sites on other chromosomes, the plasmid 
pool revealed only a negligible percentage of nuclei (<0.2%) 
with four signals. These results indicate that trisomy 21 can 
be detected in a diagnostically meaningful way with small 
populations of nonmitotic cells. 

Embryonic chorionic villi (CV) cells were also investigated 
with the 94-kb plasmid probe set in a case where the father 
had a reciprocal t(4;21) translocation. Hybridization to meta- 
phase spreads of the CV cells showed that the translocated 
chromosome (4pter-*4q33::21qll.2-»21qter) was indeed in- 
herited by the fetus (see Fig. 1 L and M). The signals in the 
interphase cell nuclei (see Fig. IK) of the CV cells had a 
distribution that paralleled that of cells with a normal kary- 
otype (see above), indicating a balanced representation of 
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Fig. 1. Specific labeling of human chromosome 21 by in situ hybridization with biotinylated DNA probe sets. (A) Plasmid pPW519-lR (6-kb 
insert) hybridized to a normal lymphocyte metaphase spread. Signals are located on the termini of 21q [see 4',6-diamidino-2-phenylindole 
(DAPI)-stained chromosomes in Inset] as verified by DAPI banding (not shown). (B and C) Normal human lymphocyte metaphase (B) and nuclei 
(C) after hybridization with the 94-kb plasmid pool probe set. The terminal band 21q22.3 is specifically labeled. (D and E) Signals on trisomy 
21 (47, +21) lymphocyte metaphase spreads after hybridization with the 94-kb probe set (D) or chromosome 21 library DNA inserts with the 
CISS hybridization (14) protocol (£). Three chromosomes 21 are entirely delineated by the library inserts; additional minor signals (see text) 
are indicated by arrowheads (also in G). (F-J) Labeling of trisomy 21 lymphocyte nuclei by the library inserts (Fand G; compare with E) and 
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21q22.3 and excluding Down syndrome as a possible diag- 
nosis. A small increase of nuclei with three and four signals 
(both <5%) over that of normal lymphocytes was also 
observed, probably reflecting a higher portion of tetraploid 
cells in such CV samples. 

The diagnostic potential of the chromosome 21 probes was 
further tested by using a glioma tumor cell line, TC620, 
known to be pseudotriploid with a highly rearranged genome 
(13, 15, 28). The metaphase spreads revealed two apparently 
normal chromosomes 21 and one translocation chromosome 
(see Fig. 1 N and O). Interestingly, the chromosome 21 DNA 
on the translocation chromosome labeled by the library probe 
has a size equivalent to a normal 21q region, thus suggesting' 
a Robertsonian translocation event. However, fine structural 
aberrations of 21q (i.e., small deletions etc.) cannot be 
excluded by this analysis. The interphase signals seen with 
both the plasmid probe set and the library inserts were 
consistent with trisomy 21q22.3 and trisomy 21, respectively. 

Finally, we determined if the 94-kb plasmid probe set could 
be used to localize chromosome 21 DNA sequences in solid 
tissues. Fig. 2 shows the nucleus of a cortical neuron from 
"normal" human brain tissue after in situ hybridization. Both 
chromosomes 21 are clearly labeled by the probe, and they 
are located near the nucleolus; this nuclear location is con* 
sistent with the fact that chromosome 21 contains a ribosomal 
gene cluster that is usually localized in the nucleolus. This 
observation suggests that these probes may also prove useful 
for evaluating the frequency of chromosome 21 mosaicism in 
specific cell or tissue types. In addition, it should be of 
interest to see if the various karyotypic changes associated 
with the Down syndrome phenotype alter the normal nuclear 
topography of chromosome 21 in neuronal tissue. 

DISCUSSION 

We have demonstrated a method to rapidly detect numerical 
and structural aberrations of chromosome 21 in metaphase 
and in interphase cells. A trisomic karyotype can be diag- 
nosed easily in interphase cells because the majority of the 
nuclei (55—65%) exhibit three distinct foci of hybridization. In 
contrast, less than 0.2% of nuclei in lymphocytes with a 
disomic karyotype show three nuclear signals; interestingly, 
the percentage of such nuclei in normal CV cells was higher 
but still considerably less than 5%. In general, as few as 20- 
30 cells were sufficient to unambiguously distinguish between 
disomic and trisomic cell populations. However, in view of 
the uncertainty of the level of chromosome 21 mosaicism in 
clinical samples, the number of cells required to make an 
unambiguous diagnosis will likely be higher. Additional 
clinical correlations will be required to establish the absolute 
number. Nevertheless, this analytical approach could allow 
the diagnosis of Down syndrome without the need to culture 
cells or to obtain metaphase spreads. 

Pools of plasmid DNA from 21q22.3 and a "complete" set 
of DNA inserts from a chromosome 21 library were com- 
pared as probes. In general, the plasmid probe set was 
superior for interphase diagnosis because smaller and more 
focal areas were labeled with improved spatial resolution. 
This probe set, which labels 21q distal to the centromere, also 




Fig. 2. Visualization of 21q22.3 in a nucleus of a large neuron in 
human parietal lobe tissue. The biotinylated plasmid pool probe set 
(94 kb) was detected by the purple-colored precipitate generated by 
alkaline phosphatase (conjugated to avidin). The arrows indicate the 
two signals; "n" indicates the center of the nucleolus. 

has the particular advantage of relative insensitivity to 
interindividual pericentromeric heteromorphisms. Further- 
more, unlike the library DNA inserts, there were no minor 
nonspecific hybridization signals. Eventually, removal of the 
cross-hybridizing sequences from the library DNA [e.g., as 
by subtractive hybridization (33)] could make chromosomal 
decoration from pter to qter more attractive for diagnostic 
purposes. It should also be noted that the 94-kb plasmid 
probe exhibited several types of hybridization patterns in 
interphase cells, each exhibiting subtle differences in struc- 
tural detail (see Fig. 1 C and H-K). For example, in many 
Gi-phase cells, each nuclear domain can be resolved as a 
doublet of closely juxtaposed signals. The variability in the 
nuclear signal patterns may reflect dynamic changes in this 
segment of euchromatic DNA that occur at different stages of 
the cell cycle or during transcriptional activation. 

Although we have used here selected plasmid clones 
containing only unique human DNA sequences, cosmid 
clones containing repetitive sequences can also be used to 
specifically label their cognate genomic region in metaphase 
and interphase cells by applying hybridization protocols like 
CISS hybridization that suppress the signal contribution of 
repetitive sequence elements (14, 34, 35). Therefore, single or 
nested sets of cosmids could be used as diagnostic tools for 
other genetic diseases in a fashion similar to that reported 
here. Trisomy of chromosomes 13, 18, 21, X, and Y together 
account for the vast majority of numerical and/or structural 
chromosome abnormalities identified during prenatal karyo- 
typing. With the continued development of multiple noniso- 
topic probe labeling and detection systems (13, 15), it should 
be possible to visualize three or more chromosomes simul- 
taneously following in situ hybridization. Thus, the develop- 
ment of a rapid and automated screening test to detect the 
major trisomic disorders directly in interphase cells from 
amniotic fluid or chorionic villi cells is a viable future 
objective. The analysis of specific human chromosomes by in 
situ hybridization has already been used to complement 
conventional cytogenetic studies of highly aneuploid tumor 



the 94-kb probe set {H-J; compare with D). {K-M) Nuclei {K) and metaphase spread (M) of chorionic villi cells containing a translocation 
chromosome but showing a balanced karyotype with regard to 21q22.3, and DAPJ-counterstained metaphase (L) indicating (lower arrow) the 
terminal region of 21q, which is translocated to a B-group chromosome independently identified as chromosome 4 by banding analysis (T. 
Yang-Feng, Yale University, personal communication). (N and O) Chromosome 21 delineated in a metaphase spread of the oligodendroglioma- 
derived cell line TC620 by using the library inserts probe (0) and DAP1 staining (Af). TC620 exhibits two chromosomes 21 and one translocation 
chromosome (see N, left arrow) whose short arm contains an apparently complete 21q, suggesting a Robertsonian translocation event. Arrows 
indicate either hybridization signals or the corresponding DAPI-stained chromosome. Detection of the hybridized probes was with fluorescein 
isothiocyanate -conjugated avidin [the signal of the 6-kb probe {A) was amplified (31)]. Similar results were obtained when the detection was 
mediated by alkaline phosphatase-conjugated avidin (not shown). 
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lines (15), and the extension to prenatal diagnostic applica- 
tions seems warranted. 

The analysis of karyotypes with translocations of chromo- 
some 21 shows the usefulness of a regional probe set to 
rapidly identify and characterize even small translocations by 
unambiguous signals on metaphase chromosomes, thus cir- 
cumventing an extensive analysis by high-resolution band- 
ing. In contrast, the library insert probe is more suitable for 
defining the relative amount of chromosome 21 DN A that has 
been translocated. By analyzing interphase nuclei, one can 
also determine if a balanced or unbalanced number of 
chromosomal regions exists. However, the detection of a 
translocated chromosome directly in nuclei would require 
double-labeling techniques to identify the recipient chromo- 
some to which the chromosome 21 material was translocated. 
With prior knowledge of the chromosomes in question, such 
translocation events could be assessed by measuring the 
juxtaposition of the nuclear signals (9). 

Finally, we have shown that probes containing 6 kb of 
sequence can be localized in both metaphase spreads and 
interphase cells with high efficiency. This detection sensitiv- 
ity with nonisotopic reagents is similar to that achieved in 
other recent reports (36-38). The combination of nonisotopic 
in situ hybridization with DAPI or BrdUrd banding or total 
chromosome decoration with library DNA probes thus pro- 
vides a simple and general approach for gene mapping. It also 
should facilitate the use of small DNA probes to rapidly 
pinpoint the breakpoints on translocation chromosomes, 
which could further aid in defining the genomic segment 
critical for Down syndrome. 
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